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ABSTRACT 
The objective of this research project was to investigate the influence 
of the principal design and operational parameters on the quality of 
the filtrate from a slow sand filter. These parameters are sand effectivc 
size, depth of sand bed, rate of filtration, water temperature and 
influent quality. Attempts were then made to establish relationships 
between the variables employed by means of regression analyses of the 
experimental data. 
To carry out the investigation three laboratory scale filter columns 
were constructed each measuring 150 mm in diameter and 3010 mm 
height. The filtration medium in each column consisted of a 1.2 m 
depth of sand on a 0.3 m depth of gravel. For the three individual 
columns three different sand sizes were employed. These were 0.17 
mm effective size (ES), 0.35 mm ES and 0.45 mm ES. Water to be 
filtered was abstracted from the Burleigh Brook, adjacent to the Civil 
Engineering laboratories. As required small amounts of settled sewage, 
obtained from the Loughborough Water Reclamation Works, were 
added to increase both the turbidity and the count of indicator 
bacteria. 
The filters were operated at five different filtration rates at three 
different temperatures. These temperatures were 25 OC, 15 OC, 5 OC 
and the filtration rates repeated for each temperature were 0.1,0.2, 
0.3,0.4,0.5 m/h. The filters were operated for not less than one 
month at each filtration rate. 
In order to assess the efficiency of the filters water samples were 
taken and analysed from the influent and from the filtrate and also 
from a series of sampling taps positioned at various depth down the 
sand media. These water samples were tested for total coliform 
bacteria, for faecal coliform bacteria, suspended solids and turbidity. 
Regression analyses were then carried out on the data obtained and 
regression models were developped for 100 mm and 1200 mm sand 
depths of each filter for each period. Occasional tests (i. e. at least once 
for each flow rate) were also carried out for nitrate and ammoniacal 
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nitrogen, colour, pH, conductivity, total organic carbon (TOC) and 
dissolved oxygen. 
Following the completion of the filtration operation at three 
temperatures and five filtration rates the sands of the filtration media 
were also examined. Sand samples were taken for examination from 0, 
50,100,150,200,300,400,600,800,1000 and 1200 mm below 
the sand surface of each filter. Then in order to assess both the 
penetration of the removed solids into the filter bed and to investigate 
the concentration of the biological film developed within the sand bed, 
sand samples were analysed for suspended solids, turbidity, standard 
plate count bacteria and particulate organic carbon. Regression 
analyses were also carried out on these data and variation of each 
parameter against each filter bed was modelled. The solid and 
biological deposits on the sand samples were also viewed with a 
Scanning Electron Microscope. 
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CHAPTER ONE: 
OBJECTRVES OF THE RESEARCH 
1.1 Objectives Of The Research 
1.2 Presentation Of The Thesis 
OBJECTIVES OF THE RESEARCH 
1.1 Objectives Of The Research 
Objectives of this research were as follows: 
1- To investigate the main operational and design parameters of slow 
sand filters by employing laboratory- scale filters. The variables 
investigated were: 
Sand size, 
Sand depth, 
Flow rate, 
Temperature, 
Influent Quality. 
The effects of the independent variables, sand size, sand depth, flow 
rate, temperature, and influent quality were to be measured as the 
filters response in terms of filtrate quality. Influent and filtrate water 
qualities were measured regularly in terms of Faecal coliform bacteria, 
Total coliform bacteria, suspended solid concentration and turbidity 
content. The ammonia, nitrate, dissolved oxygen, total organic carbon, 
pH, colour and electrical conductivity contents of the influent and 
filtrate water were also measured occasionally. 
2- To establish relationships (if existing) between the investigated 
variables on the basis of experimental data by employing regression 
analysis for each of the quality parameters of the faecal coliform, the 
total coliform, the suspended solid and the turbidity. 
3- To investigate the effect of sand size, sand depth, flow rate and 
temperature on the purification capabilities of a slow sand filter in 
terms of ammonia, nitrate, dissolved oxygen, total organic carbon, pH, 
colour and electrical conductivity. 
4- Compare the run length of the filters under all the operational 
conditions employed. 
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5- On completion of the major investigational period, also to examine 
the sand media of the filters employed during the experimental 
investigation inorder to discover the extent of solids penetration and 
of any biological activity. 
1.2 Presentation Of The Thesis 
This thesis is divided into ten chapters covering the research project 
reported from the bacground investigations to the final conclusions. 
Chapter one presents the objectives of the research and a brief 
summary of the components of the thesis. 
Chapter two presents an overview of water treatment methods. 
Common practices of water treatment including pretreatment, 
roughing filtration, rapid filtration and disinfection together with 
activated carbon are discussed. 
Chapter three reviews the literature available on various aspects of 
slow sand filtration. The mechanisms, control procedures and 
operation of slow sand filters are discussed together with their 
advantages and disadvantages. 
Chapter four covers the important physical, chemical and 
microbiological parameters of water quality. This chapter also contains 
a discussion on the indicator organisms of faecal pollution. 
Chapter five provides details of the filters designed for this 
investigation. Also materials and methods employed in the 
investigation are discussed. Sampling procedures and analysis 
techniques employed are also explained. 
Chapter six covers the methodology of the experimental investigation 
and discusses the variables involved in the experimental work. The 
plan of the experimental work is presented and the different periods 
of the investigation are described. Also included in this chapter are 
the problems encountered during investigation. 
Chapter seven reviews the statistical techniques employed for 
analysing the experimental data. In this chapter various aspects of 
regression analysis are explained. Model building, the selection of 
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subset variables in regression analysis and the methods for checking 
the validity and significance of a statistical model are also discussed. 
Some examples of aspects of regression analyses with simulated data 
are included. 
Chapter eight presents the analyses of the experimental data. It begins 
by giving some examples of the analysis of the actual data and then the 
results of all the regression analyses are listed for both the maturation 
and principal investigation periods (25 'C, 15 'C and 5 OC periods). A 
discussion concerning the removal percentages at intermediate sand 
levels is included. The results for the other parameters such as 
ammonia, nitrate, dissolved oxygen, total organic carbon, pH, colour, 
and electrical conductivity are discussed. 
Chapter nine is used to describe the equipment, materials and the 
methods employed for the examination of the sand media. The 
parameters involved and the procedures followed are discussed and 
the results of the analyses are presented. Regression analyses are also 
performed on the data produced from the examination of the sand 
media and models are developed for each parameter against the sand 
depth. The viewing of the sand samples by means of the scanning 
electron microscope is also described and discussed in this chapter. 
Chapter ten is used to summarize the results of the research and to 
make recommendations for future research. 
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OUTLINE OF WATER TREATMENT METHODS 
2.1 Introduction 
The treatment techniques selected for the purification of a particular 
source water are all important and are determined to a large extent by 
examining the characteristics of the raw water. Obviously only a 
certain proportion of any public water supply is actually used for 
human consumption but it is the quality demands of potable water 
which determine the degree of treatment given. The international 
drinking water standards (WHO, 1971) suggest that water for human 
consumption should be free of all organisms as well as being free from 
any chemical substances that may be hazardous to health. In addition 
drinking water should be pleasant to drink, wholesome and paletable. 
The concept of being wholesome and paletable has been described in 
the following terms (Fair et al, 1968) 'wholesome water must be free 
from disease organisms, poisonous substances, excessive amounts of 
minerals and organic matter; paletable water must be significantly free 
from colour, turbidity, taste, odour and be well aeratedl. 
A raw water source may often have more than one impurity in it. 
Therefore, inorder to remove all the impurities and achieve the 
desired water quality, it is often necessary to employ different 
treatment processes or operations in series and link them together 
effectively. The characteristics of water and the principles of the 
available treatment need to be considered in order to select the most 
appropriate combination of processes (Tebbutt, 1990). 
Characteristics of waters vary widely but, it is possible to classify the 
impurities in mainly three groups; as physical chemical and biological 
(Water quality parameters are discused more fully in chapter 4). 
Physical impurities are basically floating or suspended solids such as 
leaves, paper, rags, grit, clay, silt etc. Chemical impurities are related 
to dissolved solids or dissolved gasses in water and are determined as 
alkalinity, hardness, salts, organics, metals etc. Biological impurities 
consist of living organisms or microorganisms in water such as fish, 
bacteria, viruses etc together with many of their waste products. The 
different type of impurities are not always completely independent of 
each other. There may often be an overlap or interrelation in their 
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properties. However, the recognition of different types of impurities is 
helpful in order to help determine the most effective treatment 
methods (Tebbutt, 1990). 
Treatment methods can also be grouped under three main headings as 
either physical, chemical or biological processes, each of which 
process may take several different forms. The physical processes 
depend upon physical properties of the impurities such as size and 
density. Typical examples of such processes are straining, 
sedimentation and filtration. The chemical processes depend upon the 
chemical properties of the impurities, or added reagents, such as 
solubility and degree of ionization. lypical examples of these processes 
are coagulation, precipitation and ion exchange. Biological processes 
use biochemical reactions to remove biological impurities which are 
sources of food for microorganisms. These processes can be used for 
removing organisms and organic impurities (Tebbutt, 1990). 
In this chapter some of the treatment processes are briefly 
introduced. 
2.2 Storage 
Storage is the simplest water treatment method and yet it is able to 
provide excellent pretreatment for low-quality source water. Storage 
basins or reservoirs are used for this purpose. Generally the retention 
time is much longer than that of conventional sedimentation tanks and 
ranges from about one week to a few months. Storage improves water 
quality mainly by reducing the turbidity and the concentration of 
microorganisms. A storage reservoir also acts as a buffer and reduces 
the effect of sudden quality changes of the raw water. It also allows for 
a constant supply of water during periods of poor quality sourcewater 
or insufficient water supply (Schulz et al, 1984). 
The removal of microorganisms is partly due to sedimentation and 
partly the result of the biocidal effect of the ultraviolet rays in sunlight 
which may penetrate up to three metres in low turbidity water. 
Bacteria are also consumed by protozoa and other predatory 
microorganisms. In addition microorganisms will die-off naturally due 
to the shortage of nutrients and their inability to reproduce as a result 
of being in a foreign environment. According to Pickford (1977) about 
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90 % of bacteria are removed in a weeks storage and higher removal 
may be expected according to the local conditions. Ellis (1990) 
suggested that 14-120 days storage, depending upon the water quality, 
can bring about appreciable improvement in quality of water, by 
reduction of turbidity, colour, and ammoniacal nitrogen. Khowa a 
(1991) reported that after 14 days storage a 100 % reduction of 
bacteria from 120.000 E. Coli/100 ml together with the reduction of 
turbidity from up to 100 NTU to a minimum of 2.5 NTU could be 
achieved at temperatures above 20 'C. At 5 'C the E. Coli removal was 
reduced to 94 % following 14 days storage. 
2.3 Coagulation and Flocculation 
Coagulation and flocculation process are used to remove finely divided 
materials from water. These materials may be suspensions of small 
discrete particles or colloidal suspensions. The materials dissolved in 
solutions are homogenously and molecularly (or ionically) dispersed in 
the solvent and cannot readily be separated into their component 
parts. Suspensions, however, will eventually separate out under gravity, 
although it might take fine particles a very long time to settle. 
Solutions contain dissolved particles ranging in size from about 2x10-9 
m to 10-10 m while suspensions start with particle sizes of about 10-6 
m. In between the solutions and suspensions, there exist colloidal 
dispersions or suspensions in which the particle size may vary in size 
from about 5x10-9 m up to about 2x10-7m, although much larger 
particles may exhibit some colloidal characteristics (Ellis, 1990). 
There are two forces acting to create the stability of the colloidal 
dispersion. The first one is the similar charge (or zeta-potential) of 
each particle which prevents the particles from coalescing. The other 
force is the universal attractive force known as the van de Waals forces. 
The attractive van de Waals forces are balanced by the repulsive forces 
created by the zeta-potential and the system is stable. 
Destabilization and precipitation of colloidal dispersions is brought 
about by coagulation and flocculation. Coagulation is the destabilizing of 
the colloids by reducing the repulsive force (the zeta-potential) 
between the particles. Flocculation is the agglomeration of the 
destabilised particles into large floccules which will settle out under 
gravity. 
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Coagulation is achieved by adding metallic ions (cations) such as Fe+++ 
or Al... to the colloidal dispersion. These additional cations are 
absorbed onto the particles and hence increase the density of the 
opposing ionic layer surrounding the particle and consequently the 
zeta-potential is reduced to nearly zero. The forces preventing the 
particle coming together are thus removed. The chemicals usually 
employed for coagulation are alum (Aluminium sulphate), ferric 
chloride or chlorinated coppers (chlorinated ferrous sulphate). Once 
the repulsive zeta-potential has been removed then there is only the 
distance in between to prevent particles from agglomerating into large 
settleable flocs. 
Flocculation happens only by collision between particles and if some of 
the particles are not completely destabilised then all the collisions will 
not produce agglomeration. Flocculation is brought about either by 
random collisions induced by the Brownian Movement (Perikinetic 
flocculation) or by induced velocity gradients (orthokinetic 
flocculation). Induced velocity gradients are produced by mechanical 
agitation but the process of agglomeration is also increased by the 
formation of large sweep flocs by the precipitation of the coagulating 
chemicals or by the addition of polyelectrolyte molecules. 
Coagulation and flocculation involves basically a three-stage process. In 
the first stage the coagulant is added to the water in a mixing unit 
which is equipped with baffles and stirrers. The retention time is 
short and may be 30 to 60 seconds. In the second stage the 
destabilised water passes into a flocculation tank in which it is gently 
stirred for a period that may be up to 60 minutes. Finally the 
flocculated water passes to a clarifier in which the floc is settled out. 
2.4 Sedimentation 
The sedimentation process depend upon the gravity force which cause 
a downward movement of small suspended particles in water. Raw 
water may contain silt material which is able to settle readily. Colloidal 
material will not settle until it has been coagulated, when the 
destabilized particles will begin to flocculate and then settle. The rate 
of settlement may still be low as the density of the flocs will be little 
higher than that of the water. 
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2.4.1 Sedimentation Tanks 
A sedimentation tank may be rectangular or circular in plan and 
upward flow sedimentation tanks are often called clarifiers. Flow in 
the sedimentation tanks is usually horizontal or radial and the 
suspended solids in the water settle to the floor of the tank. The tank 
is considered to have four zones (figure 2.1) and is assumed to have 
plug flow which basically means the retention time is equal for every 
element of water in the tank. 
V 
Surface Area 
Settling Zone 
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0 
2.1 Ideal sedimentation tank 
Settlement takes place in the settling zone only. When a particle has 
reached the sludge zone it is assumed that it will not be scoured back 
into the flow. The inflow water should ideally be distributed uniformly 
over the width and depth of the tank. The outflow weir should be wide 
enough to prevent regions of high velocity. 
The surface load of a continious flow sedimentation tank should be 
about one-third of that suggested by a settling column test in order to 
obtain similar results (Montgomery, 1985). The depth of the tank is 
not important unless sweep flocculation is desired in which case a 
minimum depth may be specified. Large particles settling at a velocity 
faster than that of lesser particles tend to coalesce with the smaller 
floes and thus sweep them from suspension. This is called sweep 
flocculation. In continuous flow tanks sludge is consolidated into the 
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Sludge Zone 
sludge hoppers either the use of mechanical scrapers or by designing 
the walls of the tank to a steep (60') slope. 
Sedimentation efficiency can be increased by reducing the distance 
that a particle must fall. This can be achieved by making the 
sedimentation tank shallower. Therefore, parallel plates that permit 
solid to reach the bottom after only short settlement distances can be 
employed. If the plates are inclined 60' to the horizontal the sludge 
will slide off the plates to be collected in the sludge hopper. More 
uniform flow is established by the use of parallel plates. The direction 
of flow is usually upwards. Bunches of tubes also can be used instead of 
plates. Special care must be taken so that the water is uniformly 
disributed at the upstream end of the plates (Coad, 1990). 
Examples of horizontal flow and radial flow sedimentation tanks are 
shown in figUre 2.2. 
Fj 
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-No, 
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,e sludg, 
\ 
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effluent 
sludge scraper 
Figure 2.2 Examples of horizontal and radial flow sedimentation tanks. 
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2.4.2 Clarifiers 
There are different types of clarifiers but the principal is the same in 
each as the water flows upwards and supports a static layer of floc (the 
blanket). Clarifiers may be classified in three aoUDs as simnle 
clarifiers, reactor clarifiers (with or without sludge recirculation) and 
sludge blanket clarifiers (Montgomery, 1985). 
Simple clarifiers are basically classic sedimentation tanks (figure 2.3) 
in which the inflow enters the tank and flows upward to the weirs 
located at the surface. A reactor clarifier, however, is a unit in which 
the coagulation, flocculation and sedimentation steps occur in the 
same tank. A reactor clarifier is a circular tank designed with both a 
centre feed and flocculation zone employing mechanical mixing in a 
conically shaped central compartment. Sludge blanket clarifers have a 
distinct suspended sludge blanket acting as a suspended filter and 
through which the flow passes. During this passage, small flocs 
suspended in the water are removed by adsorption onto bigger flocs of 
the suspended blanket (Montgomery, 1985). 
2.5 Roughing Filtration 
T3 - jR. oughing filters which possess a large silt storage capacity allow the 
penetration of suspended materials deep into the filter bed. The 
roughing filters are cleaned by either hydraulic flushing or by 
periodically removing the media, washing it and replacing it. The 
filtration media of roughing filters are much larger than those of either 
slow or rapid filters (table 2.1). 
ITable 2.1 ComDarison of filter 
Type of filters 
Slow sand filter 
Rapid sand filters 
Roughing filters 
n sizes (Shultz et al, 19 
Effective size of medium employed 
0.15 mm to 0.35 mm 
0.40 mm to 0.70 mm 
2.00 mm 
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2.3 Diagram of a simple clarifier 
The filtration rate of roughing filters, however, can be as low as those 
used for slow sand filters or higher than those used for rapid filters 
depending on the type of filter used and the nature of turbidity. 
Roughing filters can be employed prior to slow sand filters because of 
their efficiency in removing suspended solids. Roughing filters are 
limited, however, to the treatment of annual average raw water 
turbidities of between 20 and 150 NTU (Shultz et al, 1984). 
Basically roughing filters are of two different types: vertical flow and 
horizontal flow. Vertical flow filters are limited in terms of the 
filtration media depth and storage capacity but can work with higher 
filtration rates and can be cleaned by means of backwashing. 
Horizontal filters, on the other hand, are not limited by length but 
usually operate with lower filtration rates and are often cleaned 
manually (Shultz et al, 1984). 
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2.5.1 Horizontal Flow Roughing Filters 
An horizontal flow roughing filter (Figure 2.4) possesses a large storage 
capacity for removed suspended material because of the coarse filter 
medium employed and the long filter length. Horizontal filters are 
usually divided into several sections with each having a different size of 
medium. The filtration media is placed in each section starting with 
the large size in the initial section declining to the smallest sizes in 
the final section. Hence the suspended solids deposition occur 
througout the whole length of the horizontal filter. The filtration rate 
may range from 0.5 to 4.0 m/h but the upper limit of 2 m/h should be 
employed for waters with very high suspended solids (Wegelin, 1986). 
Since the first section of the filter bed stores a higher volume of 
suspended solids than the others, the length of the coarse section 
should be larger than that of the finer sections in order to provide a 
large silt storage volume. Therefore the lengths of each section should 
be (Wegelin, 1986) as follows: 
First, coarse gravel section : 4.5 to 6.0 m 
Middle, medium gravel section : 3.0 to 4.0 M 
Last, fine gravel section : 1.5 to 2.0 m. 
The filter length is the important dimension of roughing filters and 
should be selected considering the optimum construction costs and 
the frequency of cleaning. In countries where the labour costs are 
high, long filters which minimize the frequency of cleaning, should be 
considered. In developing countries, however, filter lengths of 
between 4 and 15 m are reasonable (Wegelin, 1986). 
2.6 Rapid Fiftration 
Filtration is a process whereby impurities in water are removed by 
passing it through a porous filter media. In rapid filters (Figure 2.5) 
sand is commonly used as the filter medium and the filtration rate is 
generally between 5-15 M3/M2/hour (m/h). With well designed and 
regulated rapid filtration the impurities from the raw water will 
penetrate deeply into the filter bed so that the majority of the bed can 
be used to store the deposited impurities. Rapid filters are cleaned by 
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means of directing a high-rate flow of water back through the filter 
bed from bottom to top (Backwashing). Backwashing expands and 
scours the sand media. The cleaning of a rapid filter can be conducted 
quickly and frequently (IRC, 1983). 
inflow 
2.4 Basic d 
--app 
w3overflow 
filtrate 
w 
3m drain 
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of a horizontal flow roughing filter 
Rapid sand filters are used for several purposes in water and 
wastewater treatment. Rapid sand filters are most commonly used 
following the coagulation, flocculation and sedimentation processes of 
conventional treatment in order to remove residual small flocs carried 
over from the sedimentation stage. Rapid filters also can be used as 
the only turbidity removing process for good quality sourcewater 
without the addition of coagulants (direct filtration). Rapid filtration is 
sometimes employed also as a form of roughing filtration to reduce 
excessive turbidity in water prior to slow sand filtration. Rapid filters 
are also occasionally employed to remove insoluble compounds of iron 
and manganese. Finally, rapid filters may be used as a tertiary 
treatment process for wastewater treatment when a high quality 
effluent is required. 
2.6.1 Operational Principles 
As has already been stated the removal of particles should take place 
over a considerable depth of filter medium. Hence, the process is also 
called deep bed filtration. Deposition of solids through a greater depth 
results in a lower head loss than with the majority of solids being 
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removed at the water/ medium interface. Biological purification 
mechanisms do not play an important role in rapid filters. 
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When the headloss through the filterbed reaches a maximum value or 
when the quality of filtrate deteriorates the filter must be cleaned. 
Since the accumulation of deposits occur through the whole filter bed 
depth, the cleaning is carried out by means of backwashing. 
Backwashing is carried out by employing an upflow of filtered water 
through the sand bed that fluidses the sand grains, agitates them and 
shears off the collected deposits. The efficiency of backwashing may be 
improved by blowing air through the bed either with the backwash 
water or separately. 
2.6.2 The Filter Bed 
Cheap, durable and chemically inert silica sand is the most commonly 
used filter medium. The effective size of the sand grains used in rapid 
filters may range between 0.4 mm and 1.2 mm. The sand bed depth is 
usually within the range from 0.7 m to 1.0 m. If the sand bed is 
fluidised during the backwashing, it tends to become stratified 
according to size, with the smaller grains at the top. This is 
16 
undesirable and therefore uniformity coefficient of the sand should be 
low; preferably less than 1.7. 
The shape of the sand grains is of some importance and is commonly 
defined by their sphericity. Ives (1975) suggested that the sphericity 
can be found by using the definition of 1.00 for a sphere, about 0.85 for 
Leigton Buzzard sand and is approximately 0.70 for NCB anthracite. 
Sphericities of less than 0.60 are undesirable because the grains would 
be too flaky (Ives, 1975). 
The durability of the sand grains is also of importance so that they can 
withstand the agitation to which they are subjected during the 
washing process. The size of grains should not be altered by fracture 
or attrition for a reasonable lifetime of the medium. Also the grains 
should not dissolve in the filtering liquid. Of importance also, the filter 
medium should be free from dirt, dust, organic matter, clay, etc. 
In recent years Granular Activated Carbon (GAC) has often replaced 
sand as the filter medium of gravity rapid filters in England. 
2.6.3 Backwashing 
During the filter backwashing the filter medium is expanded and, 
possibly, fluidised. The degree of fluidization is determined as the 
extra depth of the expanded bed divided by the unexpanded bed 
depth. Using air scour during the washing process results in a lower 
requirement of back-wash water, enables the rate of work to be 
decreased and reduces the degree of expansion. 
High pressure water jets or rotating rakes have also been used for 
improving the cleaning process. Crosswashing or siphoning-off the 
washings may be performed after the bed has settled inorder to 
displace the residual washings instead of letting them settle back onto 
the filterbed. 
2.6.4 Other Common Types Of Rapid Filters 
Pressure filters (figure 2.6) have the same elements as gravity type 
filters but are constructed in a water tight steel pressure vessel. The 
driving force for the raw water through the filterbed is applied 
pressure which is higher than that of atmospheric pressure. Pressure 
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filters are commercially available as complete units. However, they are 
not easy to install, operate and maintain (IRC, 1983). Inspection is also 
difficult and water may be forced through the filter at too high a rate. 
Dual-media filters are downflow gravity-type filters in which the filter 
bed consists of two different materials which are placed coarese-to- 
fine in the direction of flow. In dual media filters usually the filter bed 
is composed of 0.3-0.5 m of sand with an effective size of 0.4-0.7 mm 
as the under layer, topped by 0.5-0.7 m of anthracite with an effective 
size of 1.0-1.6 mm. The anthracite grains are bigger but their density 
is less and, hence, they settle above the sand after backwashing. 
Upflow filters provide a coarse-to- fine filtration process and hence an 
efficient use of the filtration bed. Since both the filtration process and 
the wash-flow are in the same direction (upwards) the coarse-to-fine 
stratification is maintained after the washing of the filter. In upflow 
filters sand is used as the principal filter medium. Upflow filters are 
often employed effectively as pretreatment process for water prior to 
rapid gravity filters or slow sand filters. Fluidisation of the sand bed, 
however, during filtration must be avoided. There is a possibility that 
the filtrate can be contaminated by remaining wash water on the filter 
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bed after the washing of the filter because the filtrate and wash water 
flow in the same direction. 
2.7 Disinfection 
Because of the possibility that raw water sources for drinking water 
supplies are contaminated by sewage and hence contaminated by 
pathogenic organisms and because conventional treatment processes 
(coagulation, flocculation, sedimentation, filtration) are not able to 
remove completely all such pathogens then, in order to make sure 
that drinking water is free from dangerous organisms, disinfection 
processes are employed. It is important to note that sterilization 
(killing of all organisms) is different from disinfection and is rarely 
employed or needed. Disinfection, however, denotes the killing or 
removing of all the organisms that cause infection and is a normal 
requirement (Ellis, 1990-, Tebbutt, 1983). 
Some of the disinfection proceses are discussed briefly below. 
2.7.1 Chlorination 
Chlorine and its compounds are the most widely used disinfectants for 
water supplies. Chlorine is cheap and easy to apply because of its 
relatively high solubility in water and it leaves residuals in solutions 
which provide protection during storage or distribution but which are 
not harmfull to man. Finally at the concentrations at which chlorine is 
applied, it is tasteless and non-poisonous while providing a very high 
level of toxicity for pathogenic microorganisms. Among the 
disadvantages of chlorine, it must be noted that it is a poisonous gas 
which requires proper handling and can cause taste and odour 
problems especially in the presence of phenols (Ellis, 1990; 
Tebbutt, 1983). 
The chlorination of water is practised in several ways such as simple 
chlorination, chlorination in the presence of ammonia, breakpoint 
chlorination, and superchlorination. 
Simple chlorination is practiced usually as a purely precautionary 
measure to otherwise satisfactory supplies. The dosage is about 0.2 
mg/l to 0.5 mg/l and a minimum contact time of about 30 minutes is 
essential. This is only adequate for waters which do not have sudden 
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changes in bacterial content and do not contain phenolic compounds 
or products of algal decomposition (Ellis, 1990). 
Chloramines are formed when water is chlorinated in the presence of 
ammonia. Chloramines are less active oxidising agents and 
disinfectants than chlorine, but they are more stable and so an active 
residual will remain for a much longer period. 
NH3 + HOCI --+ NH2CI + H20 monochloramine (NH2CI) 
NH3 + 2HOCI -ý NHC12 + H20 
NH3 + 3HOCI ---> NC13 + 3H20 
dichloramine (NHC12) 
nitrogen trichloride (NC13) - 
Usually only mono and dichloramines are produced and their relative 
concentrations depend upon the pH and relative concentrations of 
chlorine and ammonia. Chlorine present as chloramines is known as 
combined available chlorine. Ammonia may be added to waters when 
ammonia is not present in order to allow the formation of 
chloramines. This process has been employed either to avoid the 
creation of taste and odours or to provide long term residual 
disinfection in the distribution system or inorder to avoid the creation 
of haloforms in water. 
Breakpoint chlorination or the free residual chlorination is the 
addition of sufficient chlorine to oxidise all the ammonia in the water, 
to satisfy the chlorine demand of any organic residuals and to maintain 
a small amount of residual free chlorine after an adequate contact 
time. 
Super chlorination is the addition of a relatively heavy concentration of 
chlorine to the water to produce free chlorine. Super chlorination is 
very usefull when there is a fluctuating bacterial content. It also can 
prevent odour and taste problems as many impurities are completely 
oxidised. After a required contact time dechlorination is invariably 
carried out to a level acceptable to the consumer and also to a level 
sufficient to maintain a residual disinfection action throughout the 
distribution system. Sulfur dioxide is commonly employed for the 
declorination process. 
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When free chlorine is present trihalomethanes (THM) may be 
produced if the water contains humic or fulvic acids (colour) or other 
recognised THM precursors. Both algae and their extra-cellular 
products are also THM precursors. THM's, especially chloroform 
(CHC13) are known to be carcinogenic. Due to the increasing 
awareness of the problem of THM production, there is a tendency 
either to eliminate the superchlorination practice or to control it 
more throughly in terms of reducing the rate of chlorine application 
and the period of contact (Ellis, 1991). 
2.7.2 Ozonisation 
Ozone is a powerfull oxidising agent and disinfectant but the water to 
be ozonated must be of a good quality and free from turbidity. Ozone is 
produced on site by passing dry air through a high-voltage electric 
discharge. It is efficient at destroying most viruses, spores and cysts as 
well as vegetative bacteria. Dosages of between 0.5 to 0.15 mg/1 will 
adequately destroy vegetative bacteria. Ozone is widely accepted as the 
best virucide in conventional water treatment and is also effective 
against other organisms such as the cercariae of schistoma mansoni 
(Ellis, 199 1). 
Ozone is also effective at colour removal. Ozone has been found 
particularly useful at removing the yellowish colour of humic 
compounds. Doses of 1.0 to 2.0 mg/l are used to reduce colour from 
20 to 30 hazen units to less than 5 hazen units (Ellis, 1991). 
The disadvantages of ozonisation are that the costs of production 
application and maintenance are high compared to chlorination. The 
solubility of ozone in water is low under operational conditions and 
there is no residual disinfection. Water should be of a high quality 
before ozonisation and the measurement of ozone concentration is 
difficult (Ellis, 1990). 
2.7.3 Other Disinfection Procedures 
Ultra-violet radiation is actively microbicidal but possesses only 
limited penetration power. The wavelength of bactericidal radiations 
range between 200 and 310 nanometers (nm). The peak efficiency is 
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at 253.7 nm. Ultra-violet radiation destroys vegetative bacteria, viruses 
and other microorganisms (Ellis, 1990). 
Chlorine dioxide (C102) is prepared by adding chlorine to a strong 
solution of sodium chlorite. 
2 NaC102 + C12 -ý 2 C102 +2 NaCl 
As a disinfectant C102 is nearly as good as chlorine and becomes 
appreciably superior to chlorine as the pH rises. Chlorine dioxide is 
very effective against cysts and spores and is also capable of de- 
activating viruses. C102 is usually more expensive than chlorine but it 
can be cheaper to apply in practice since, frequently, only a low 
concentration is required; especially when treating low quality water 
with a high chlorine demand. C102 does not react with ammonia in 
water and its reactions with organic matter are more limited than 
with chlorine. In addition chlorine dioxide in water results in the 
production of much lower THM's concentrations. 
2.8 Adsorption - Activated Carbon 
Adsorption is a process by which a substance is taken up and becomes 
attached to the surface of a solid. 
In the beginning of this century charcoal was used to remove taste and 
odour, to remove phenolic compounds from river waters and to 
remove excess chlorine following disinfection. An improved form of 
charcoal, activated carbon was later produced and is now widely 
employed either as Powdered Activated Carbon (PAC) or as Granular 
Activated Carbon (GAC) in the adsorption process. 
The internal surface area of activated carbon may be in excess of 1000 
M2 per gram. The types of pore to make up this large surface area can 
be divided into 
a- Macro pores which are approximately I ýtm in diameter, and have 
little to do with the adsorptive proporties but do facilitate the 
transport of particles through the carbon mass; 
b- Transitional -pores which are 15 nm to 1 ýtm in diameter and play a 
major role in the adsorption process; 
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c- Micro-pores which are less than 1 nm in diameter and required for 
the adsorption of gases. 
The adsorption process in activated carbon depends (Ellis, 1990) 
upon 
- The hydrophobic character of the organic contaminants, 
- The affinity of the solute for the solid. 
There are three types of adsorption: 
- Electrical attraction of solute to solid adsorbent (Exchange 
adsorption). 
- Van de Waals attraction (Physical or ideal adsorption). 
- Chemical reaction (Chemisorption). 
Of these the chemisorption possesses the greatest binding energies. 
Activated carbons are produced from a number of raw materials such 
as wood, lignite, coal, bone, petroleum residues, nut shells and are 
generated at temperatures ranging from 300 'C to 1000 'C in an 
atmosphere of COT CO' 02, H20 and then quenched in air or water. 
PAC is usually made up into a slurry before adding to water and the 
contact period may as long as several hours. It is often applied at a 
dose of about 2.0 mg/l prior to filters but can be used at higher 
concentrations in raw water. There is no way of recovering and 
regenerating PAC. 
Many treatment plants now use GAC in either upward flow or gravity 
flow beds. The GAC can be regenerated in a multiple hearth process 
with controlled oxidising conditions at a temperature of about 930 'C. 
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LITERATURE REVIEW 
3.1 Introduction 
John Gibb in 1804 at Paisley in Scotland has been reported as being 
the first person to establish a slow sand filter. Robert Thom improved 
his design at Greenock in 1827 (Baker, 1949). Slow sand filters were 
employed later at the Chelsea water company in 1829 and by the 
Gorbals sanitation and water company in 1846 and in 1852 (Baker, 
1949; Lloyd et al, 1983) 
Slow sand filtration became widely used for water treatment during 
the nineteenth century until the difficulties arising with high turbidity 
surface wasters, especially in the USA, led to the development of rapid 
gravity sand filters. Still widely employed in such countries as the UK, 
Holland, Switzerland, Sweden and Japan their use has been strongly 
encouraged over recent years in the developing world where they can 
constitute on occassions, a nearly ideal technique for water treatment 
(Huisman et al, 1974; Visscher et al, 1987; Jain, 1975). Slow sand 
filtration is capable of removing almost all the turbidity, much of the 
organic material and some of the colour in one simple operation 
(Kawata, 1982). Slow sand filters are able to remove most of the 
coliform bacteria and almost all pathogenic bacteria and viruses from 
the raw water (Kawata, 1982). Unlike rapid filters slow sand filters are 
also capable of removing all the cercariae of schistosomiasis from raw 
water (Kawata, 1982). 
3.2 Elements Of Slow Sand Filters 
In this section the basic elements of slow sand filters (Figure 3.1) are 
briefly discussed. 
3.2.1 Ffiter Box And Supernatant Water 
The filter box contains all the principal components of the filter. It 
can be constructed of reinforced concrete, ferrocement, stone or 
brick work masonry. The total height of the filter box may range from 
2.5 to 3.0 m. The inlet structure should be designed to allow water to 
flow into the filter without disturbing the filter skin on the top of the 
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sand bed. The inlet structure is usually built like a box which could 
also be used to drain supernatant water (Visscher et al, 1987). 
The supernatant water is the water layer above the sand bed and the 
depth may range from 1.0 m to 1.5 m. 
3.2.2 Underdrainage and gravel 
The underdrainage system supports the gravel layers and the filter bed 
and provides passage for the filtered water. It consists of main and 
lateral drains which are usually made of perforated pipes. Concrete 
tiles or household bricks can also be used. The underdrainage system 
is then covered with layers of graded gravel. Gravel prevents the filter 
sand entering and blocking the underdrains. The gravel and 
underdrains ensure uniform abstraction of the filtered water and these 
layers may range between 0.3 and 0.5 m in depth (Visscher et 
al, 1987). 
3.2.3 Filter Media 
A variety of materials has been employed in slow sand filters as 
filtration media. Crushed coral and volcanic ash have been used in 
Ethiopia and burnt rice husks were investigated in South East Asia 
(Huisman et al, 1974). Sand, however, is nearly invariably employed as 
the filteration medium of slow filters. The characteristics of the sand 
employed as filter media were suggested by Hazen in 1892. There are 
effective size (ES) and uniformity coefficient (UC). The effective size is 
the mesh diameter in millimeters of a sieve which retains 90% by 
weight of the material and permits 10% to pass. The uniformity 
coefficient is the ratio of the mesh diameter of a sieve which passes 60 
% by weight of the material to the ES. The recommendations for the 
ES of the sand grains in a slow sand filter varies between about 0.15 
and 0.4 mm. Huisman et al (1974) and Thanh et al (1983) suggested 
an ES of between 0.15 mm and 0.35 mm. Cox (1969) suggested an ES 
of between 0.2 and 0.4 mm. Ridley (1967), Fair et al (1968), and Van 
de Vloed (1955) all suggested an ES of between 0.25 mm and 0.35 
mm. 
The UC should be less than 3.0 and should preferably be less than 2.0 
(Dijk et al 1982). Kerkhoven (1979) suggested that builders sand with 
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an ES of 0.25 mm and a UC of 2.9 was nearly as good as a filter media 
as normal graded sand with an ES of 0.21 and a UC of 2.1. However, he 
also reported that a coarser grade of builders sand with an ES of 0.32 
mm with a UC of 2.59 was not really suitable. Joshi and co-workers 
(1982) reported that a graded sand media, with an ES of 0.2 mm and 
UC of 2.1, was capable of removing 74% of the applied COD from 
surface water in India while two builders' sands with ES of 0.25 and 
0.32 mm and UC of 2.9 and 2.6 only removed 64% and 63% of the 
COD respectively. 
The initial depth of the sand at maturation, or following resanding, 
will often be as much as between 1.2 and 1.4 m. This sand layer is 
then periodically reduced by about 25 or 50 mm at a time, as a result 
of cleaning operations (Huisman et al, 1974). When finally the sand 
bed depth has been reduced to a minimum level resanding becomes 
necessary. 
The minimum bed depth requirements are a matter of some debate. 
Ridley (1967) suggested a minimum sand depth of 650 mm while Cox 
(1969), more conservatively, suggested 800 mm. London filters, 
however, operate to a minimum depth of 300 mm (Toms et. al, 1988). 
A minimum depth of 300 mm may be adequate for removing turbidity 
and may also achieve the removal of most of the coliform bacteria from 
a moderately good quality feed water, but to remove all the viruses and 
perhaps complete the oxidation of ammonia, a minimum depth of at 
least 600 mm is suggested (Windle-Taylor, 1971-73). Burman (1978) 
suggested that the poorer the quality of the raw water the deeper 
must be the sand bed. 
The ES of sand should not be finer than is neccessary (Bowles et. al 
1983). Fine sand improves the quality but will also add considerably to 
the head-loss. The effectiveness of filtrartion depends not only on the 
fineness of the sand, but also on the depth of the sand and on the rate 
of filtration. Hence, if additional safety is required, it is often better to 
increase the depth of the sand bed instead of reducing the grain size 
(Huisman, 1968). In addition to the requirements of ES, UC and bed 
depth the sand employed as the filter medium should preferably be 
rounded and free from dirt, dust, organic matter and clay (Ives, 1975). 
If neccessary sand should be washed before placing it into the filter. 
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The act of washing the sand will also have the additional advantage of 
removing much of the overfine material. 
3.2.4 Controffing Devices 
The filtered water passes a regulating valve, and flows into an outlet 
weir chamber. Then over the weir the water flows into the clear water 
well. Water flow is measured through a calibrated flow indicator. To 
obtain a constant flow rate, the regulating valve has to be opened a 
little each day in order to compensate for the increase in resistance of 
the filter bed due to clogging. The outlet weir prevents negative 
pressure occuring in the filter bed and also prevents the sand bed 
from accidentally dryingout. When the regulating valve is fully open, a 
further increase in filter resistance would result in a reduction of the 
filtration rate. The production of the filtered water would fall below 
the required rate, and the filter must be taken out of service for 
cleaning (IRC, 1983). 
3.3 Filtration Rates 
The suggested filtration rates for non-pretreated surface water 
through a slow sand filter varies between about 0.08 m/h and 0.21 
m/h with 0.1 m/h often suggested as conventional rate (Van Dijk, 
1978). Ridley (1967) suggested a filtration rate of from 0.05 m/h to 
0.15 m/h. However, for the higher of these rates he considered that 
pre-treatment of the raw water would normally be necessary. Filtration 
rates of as little as 0.025 m/h and as high as 0.5 m/h, following 
prefiltration employing rapid sand filters, have been reported 
(Burman, 1978). Rachwal et. al (1986) reported in the Thames water 
authority slow sand filtration rates of 0.12 m/h following preliminary 
rapid gravity filtration and 0.25 m/h following rapid upflow filters. 
Faster filtration rates than the conventional figure of 0.1 m/h may be 
possible without causing cosiderable deterioration of filtrate quality 
provided the feed water is not of low quality. Investigations at the 
National Environmental Engineering Institute at Nagpur in India 
(Paramasivam et al, 1980) demonstrated that with good quality 
influent water (turbidity < 10 NTU), higher than conventional 
filtration rates were possible. However increasing the rate of filtration 
resulted in a reduction in run-length. At treatment rate of 0.1 m/h, 
using good quality feed water a run length of 45 days was achieved. 
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This corresponds to an annual through-put of 806 M3/M2. On 
increasing the treatment rate to 0.2 m/h the run length was reduced 
to 26 days, but this increased the annual output to 1520M3 / M2. On 
further increasing the filtration rate to 0.3 m/h, the run length came 
down to only 13 days but the annual output increased to 200OM3/M2 
(Paramasivam, et al, 1980). Experimental work by the Metropolitan 
Water Board, London established that it was possible to operate slow 
sand filters at filtration rates of upto 0.5 m/h with no significant 
deterioration of filtrate quality (winder-Taylor, 1969-70). Rachwal and 
co-workers (1988) reported the operation of full scale London slow 
sand filters at an average filtration rate of 0.32 m/h but suggested that 
for such high filtration rates pretreatment would be neccessary. 
Bellamy and co-workers (1985 A, 1985 B) operated lab oratory- scale 
filters with an effective size of 0.28 mm at filtration rates of 0.04,0.12 
and 0.4 m/h and reported no marked deterioration in filter 
performance as the flow rate increased. 
Kerkhoven (1979) operated pilot-plant slow sand filters at 0.2 and 0.3 
m/h and reported no deterioration in filtered water quality with 
increasing flow rate. Williams (1987) also operated pilot-plant slow 
sand filters at filtration rates of 0.05 m/h and 0.1 m/h and reported no 
deterioration in filtrate quality with increasing flow rate. However both 
researchers reported that the filters' run length were shorter at faster 
filtration rates. Rachwal et al (1988) found a negative correlation 
between mean filtration rate and run length for full scale filters and 
reported that the cumulative volume filtered per run was essentially 
the same for high rate and conventional rate filters. Ellis (1987), 
employing laboratory- scale filters to filter the secondary effluent from 
a wastewater treatment works, found no substantial difference 
between a 0.3 mm effective size filter and one of 0.6 mm ES except 
for the unacceptable filter runs encountered with the smaller medium. 
On increasing the treatment rate from 0.146 m/h to 0.29 m/h the 
filters run lengths decreased by about 50 %. Logsdon and Fox (1988) 
reported on the laboratory scale operation of filters with effective sizes 
of 0.17 mm, 0.29 mm and 0.32 mm at filtration rates of 0.12 m/h to 
0.18 m/h. They suggested no particular difference in filtrate quality 
with either flow rate or effective size. 
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Bellamy and co-workers (1985 A, 1985 B) employed a number of 
laboratory scale slow sand filter to investigate, to a limited extent, the 
effect of effective size, bed depth, flow rate and temperature. Sand 
sizes of 0.13,0.29 and 0.62 mm were employed at a filtration rate of 
0.12 m/h. Temperature of 2 OC, 5 OC and 17 'C were investigated. The 
control filter in the investigations had a bed depth of 0.97 m while the 
other filter had a depth of 0.48 m. Removals declined with bed depth 
and temperature as expected. Poynter et al (1977) and Slade (1978) 
investigated the removal of various viruses employing a laboratory scale 
filter at a filtration rate of 0.2 m/h and achieved a5 log removal at a 
temperature of 11 'C to 12 'C. However this removal rate dropped to 
99.8 % at 5 OC. The lower percentage removals of about 98.7 % 
achieved at a full-scale works with filtration rates of between 0.05 and 
0.17 m/h at temperatures between 6 'C and 11 'C were probably the 
result of the limited depth of the filters employed. Jack and Charles 
(1961) employed sand filters with effective sizes of 0.32 mm, 0.40 
mm and 0.52 mm to remove algae from water and reported that 
removal efficiencies decreased with the increasing coarseness of the 
sand. The different filtration rates of 0.1 m/h and 0.2 m/h produced 
no discernable trend of removal efficiencies. 
3.4 Mechanisms Of Slow Sand Filtration 
The mechanisms of rapid filtration can be devided into two groups of 
which one is involved bringing impurities in the water into contact 
with the sand grains and the other involved with holding the those 
impurities in contact with the sand grains (Ives; 1969,1971 A, 1971 
B). The former mechanisms are straining, sedimentation, inertial and 
centrifigual forcess, diffusion, mass attraction (Van der Waals force) 
and electrostatic attraction. The latter mechanisms are electrostatic 
attraction, mass attraction (Van der Waals force), adherence and 
chemical bridging. All these mechanisms may operate in slow sand 
filters, but most of them probably only operate to a very limited extent 
compared with rapid sand filters. However, there is an additional and 
more important purification mechanism with slow sand filters which 
is that of biological activity. 
The most effective purification mechanisms in a slow sand filter may 
be that of straining through the developed filter skin and the top few 
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millimeters of sand depth. Biological activity is also of importance. 
However, Huisman et al (1974) suggested that mechanical straining, 
sedimentation, adsorption and chemical and biological activity are the 
important processes. Straining through the top layer of a clean filter 
bed will probably remove much of the larger suspended matter from 
the water. The straining action improves and becomes of major 
importance as the filter skin is developed. This filter skin is often 
referred to as being the schmutzdecke. 
A sand bed with an effective size of 0.15 mm will have pore sizes of 
about 20 gm and hence would not be able to directly retain either 
bacteria (upto 15 gm) or colloidal materials (0.001 to 0.1 gm). Hazen 
(1904) suggested sedimentation as a possible mechanisms for the 
removal of particles of a lesser diameter than the sand pore sizes. 
Huisman et al (1974) supported this theory and suggested that the 
sedimentation process is probably effective with that fraction of 
suspended material of between 4 gm and 20 gm in size. Huisman 
(1978) suggested that adsorption as a most important additional 
mechanisms for the removal of smaller particles. 
Huisman et al (1974) suggested that, since the influent water stays in 
the filter over the sand bed for 3 to 12 hours, the purification of water 
actually starts there. Due to the relatively long retention period of the 
supernatant water in the reservoir, the larger particles settle to the 
schmutzdecke, smaller particles coalesce with each other and 
planktonic algae photosynthesize and produce useful dissolved oxygen. 
3.4.1 The Schmutzdecke 
When a slow sand filter is started-up initially, or re-started after 
cleaning, the development of the schmutzdecke begins immediately as 
a result of settlement and straining of particles from the water onto 
the sand surface. The resultant accumulation of alluvial mud, organic 
waste, bacterial matter, algae and other forms of life creates the filter 
skin or schmutzdecke (dirt layer). The intense biologically activity in 
the schmutzdecke, is usually regarded as substantially increasing the 
effectiveness of the slow sand filter. However, at least one author 
(Burman, 1978) has suggested that the schmutzdecke is not essential 
for effective filtration. 
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3.4.2 Biological Activity 
Trapped organic material is broken down or removed by biological 
activity which is most pronounced and effective in the schmutzdecke, 
but continues, with a decreasing intensity, to a depth of about 400 mm 
or more through the sand bed (Huisman, 1978; Jain, 1975). 
The zoogloeal film on the sand grain surface contains bacteria, 
bacteriophages, together with predatory microorganisms such as 
protozoa and rotifera. These do have a pronounced role in 
decomposing trapped organic impurities and microorganisms. 
Selective bacteria assimilate organic impurities for cell growth and to 
provide energy for metabolism. The metabolic products are then 
transported further down the sand bed by the water and further 
converted by other, lower-level, organisms. The process might be 
continued until the biodegredable organic matter is broken down 
totally into a series of stable inorganic compounds such as water, 
carbon dioxide, sulphates, nitrates and phosphates. Since the 
maximum amount of nutrient and oxygen is available at the top layer of 
the bed the bacteria are most active there (Huisman et al, 1974; Jain, 
1975). The bacterial activity decreases with increasing depth, due to 
the decreasing amount of nutrients and dissolved oxygen in the water. 
Below a depth of 300-400 mm, the biological activity is on a much 
reduced scale. Of the important mechanisms of slow sand filtration 
straining is independent of the rate of filtration while the adsorption 
processes will be only slightly affected. Sedimentation also is 
dependent on the rate of filtration. However, only a limited adverse 
effect may be noticed as a result of the decrease of efficiency of 
sedimentation showing as filtration rates stay within normally 
accepted limits. Biological activity, however, requires time and hence 
it is favored by slower treatement rates, although a moderate increase 
in flow rate will only push the activity slightly further down in to the 
bed. 
Since the beneficial biological activity in a slow sand filter is of an 
aerobic nature it can only continue to operate while there is dissolved 
oxygen present in the water. It has been suggested that the water 
entering the sand bed must have a minimum dissolved oxygen content 
of 3.0 mg/I (Huisman et al, 1974) and even at this concentration the 
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filtrate will probably be anoxic. Should the water being filtered become 
anoyic, a number of undesirable results can arise. 
Anaerobic activity in the sand bed resulting from anoxic conditions 
will produce unwanted end products which create offensive tastes and 
odours. Normal aerobic processes in supernatant water often cause 
oxidation and subsequent precipitation of iron and manganese salts. 
However the predominance of anoxic conditions will reverse this 
situation causing reduction and resolvation of deposited manganese 
and iron from the surface of the bed (Vochten et al, 1988). More 
importantly, if a band of anoxic water passes through the slow sand 
filter the rate of removal of intestinal bacteria would apparently be 
reduced considerably. This phenomenon was adequately demonstrated 
by Vochten and co-workers (1988). 
3.4.3 Organic Material Removal 
A significant amount of removal of organic material has been achieved 
by slow sand filtration. Van de Vloed (1955) produced a temperature- 
related empirical relationship of (T + 11) /9 for the reduction of 
permanganate value by slow sand filtration. Evins et al (1979) reported 
a 30 % removal of 4 hour permanganate value by slow sand filters of 
the Thames Water Authority. Huisman et al (1974) demonstrated the 
dependence of organics removal on the filtration rate and suggested 
that doubling the filtration rate would result in a 12 % increase of the 
permanganate value in the filtrate. 
Joshi et al (1982) reported an average removal of 50 % to 54 % of the 
Chemical Oxygen Demand (COD) and also observed that the COD 
removal was better with a fine well graded sand (ES=0.21 mm 
UC=2.1) than with a medium (ES=0.25 mm UC=2.92) builders sand or 
with a coarse (ES=0.32 mm, UC=2.59) builders grade sand. COD 
removals of 74 %, 64 % and 67 % were recorded for the fine, medium 
and coarse sands respectively. Paramasivam. et al (1980) reported COD 
removals of 67 % to 73 % at a rate of 0.1 m/h from a raw water COD 
content of between 5 and 10 mg/l. Rachwal et al (1986) reported that 
the removal of Total Organic Carbon (TOC) by slow sand filtration may 
be as low as 15 %. Burke et all (1981) reported a removal of 29 % of 
the Total Organic Chlorine (TOCI) and 23 % of Trihalomethane (THM) 
precursors from river Thames water by slow sand filtration. 
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Schmidt (1977) suggested that various chlorinated hydrocarbons were 
nearly eliminated Mercury and other heavy metals were also nearly 
totally removed from the water by slow sand filtration. Sontheimer 
(1980) reported on the results of river bank filtration in Germany and 
stated that there was a constant removal of 3.5 mg/I of Dissolved 
Organic Chlorine (DOCI) and 10 mg/l of COD, independent of raw 
water quality. He also reported considerable removals of heavy metals 
such as 33 % of the applied mercury, 75 % of the cadmium and 94 % 
of the chromium. 
Colour removal by slow sand filtration is not usually significant. Slade 
(1978) reported a 28 % of colour removal from 24 Hazen Units (HU) 
colour of raw water from the River Thames. Bowles et al (1983) 
reported a colour reduction from 90 to 5 HU of apparent colour which 
is far easier to remove. The organic material in surface water is usually 
humic (coloured) material, However, surface water may contain 
synthetic compounds of industrial origin such as detergents, 
pesticides, oils and phenols to which the microorganisms of the sand 
bed quickly adapt as Burman (1978) demonstrated with phenol, m- 
cresol, and resorcinol phloroglucinol. 
3.5 Removal Of Organisms 
Bacteria removal from the water filtered through slow sand filters is 
possibly, primarily, due to predators. However, the lethal effect of 
being trapped and held in an unsuitable environment as a result of the 
normal mechanisms of filtration should also be cosidered. Lloyd 
(1973) demonstrated that there are numerous bacterial predators of 
different types in the interstitial spaces as well as attached to the sand 
grains. Burman (1978) suggested that although many antibiotic 
producing microorganisms such as bacteria, fungi and actinomycetes 
would be present in the schumutzdecke, it is unlikely that antibiotics 
can be produced in a sufficient local concentration to be effective 
against bacteria since much of the produced antibiotic will 
continuously be washed away. It may be that produced antibiotics have 
some effect on the microenvironment attached to sand grains. Burman 
(1978) also suggested that predation will occur due to the presence of 
some species such as actinophages, mycophages as well as bacterial 
predators of the genus myxobacterium, actinomycetes and fungi. 
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Bigger organisms like nematodes, oligochaetes, and rotifers may also 
act as predators at the sand level. Protozoa, which have a significant 
role as predators, feed predominantly on the saprophytic organisms of 
the sand bed as well as removing intestinal microorganisms (Burman, 
1978). 
Temperature has a pronounced effect on the activity of antogonistic 
organisms such as protozoa and nematodes. Burman (1962) reported a 
decline in E. Coli removal from the 99 % mean for the year to 41 % 
during the severely cold February of 1956. 
3.5.1 Protozoa 
Richards (1977) reported substantial concentrations of protozoa in the 
top 300 mm of the sand bed of a slow sand filter at Walton-on-Thames. 
There were small amoeba present at about 3000/cm 3 at the beginning 
of a run but these increased in numbers to about 21600/cm 3 towards 
the end of the run. Flagellates were more abundant at about 
64000/cm 3 after six weeks of operation. Approximately 10 % of both 
the flagellates and small amoeba were in the encysted form. The 
numbers of ciliata ranged from 10 to 150 /cm 3 and the large and 
testate amoeba ranged in numbers from 1 to 1000 /cm 3. The numbers 
of protozoa declined rapidly with depth with the exception of the 
cyclidium sp. but populations of all groups were found downto a depth 
of 200 mm and small amoeba were present downto 300 mm. Unlike 
the other protozoa cyclidium sp. were present at a maximum 
concentration at a depth of between 30 and 60 mm. The number of 
E. Coli were varied inversly with the number of the flagellates and 
ciliates. However, there was no correlation between the numbers of E. 
Coli and the small amoeba. Lloyd (1973) found ciliate protozoa and the 
rotifera in a high percentage of samples throughout the year. 
Pertrichia and spirotrichia were the abundant ciliated protozoa but 
holotrichia and suctoria were less common. 
Bowles at al (1983) reported that protozoa together with algae, 
rotifers, and invertebrates were abundant in the first 10 mm of the 
sand but the numbers declined sharply over a depth of 80 mm. Small 
flagellates were abundant; ciliated species of protozoa were common, 
but amoeba were rare. Rotifera and spirotrichia are thigmotactic and 
feed largely on the grain surface. The ciliated protozoa peritrichia 
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attach themselves to the sand grains, but utilise Particles suspended in 
filtering water (Lloyd, 1973). 
3.5.2 Bacteria Removal 
It is commonly accepted that slow sand filtration is quite effective in 
removing bacteria and other intestinal microorganisms from water. 
Huisman (1978) suggested that the total bacteria count in water is 
reduced by a factor of between 1000 and 10000 and the factor for E. 
Coli removal is between 100 and 1000 and E. Coli are usually not 
present in the filtrate. Van Dijk (1978) suggested that between 99 % 
and 99.9 % of pathogenic bacteria are removed during slow sand 
filtration. Logsdon and Fox (1982) reported that the total coliform 
counts in the filtered water rarely exceeded 1/100 ml from a raw 
water count which varied between 10 and 10000/100 ml sample. 
Bowles et al (1983) reported coliform reduction from 6000 to 105 per 
100 ml with slow sand filtration in Australia but coliform reduction 
was only from 122/100 ml to 108/100 ml when the water 
temperature dropped to 6 'C. Paramasivam et al (1980) found E. Coli in 
one sample only out of 48 samples taken from the filtrate of a slow 
sand filter in India. Joshi et al (1982) reported that 98 % of the 
filtrate samples were free from E. Coli with a completely shaded filter, 
but only 68 % of the filtrate samples were free from E. Coli with a filter 
open to the sky. They also reported that 89 % of filtrate samples were 
free from E. Coli with sands of ES of 0.21 and 0.25 mm but only 66 % 
of the filtrate samples were free from E. Coli with a filter which had 
0.32 mm effective size sand. Burman (1962) reported a normal 
reduction of both total coliforms and E. Coli of 99 % throughout most 
of the year in England, but in winter this reduction dropped to 88 % 
for the total coliform and 41 % for the E. Coli. He also reported slight 
reduction of the efficiency of bacteria removal immediately after filter 
cleaning. Coliform removal was constant at 99 % removal both before 
and after cleaning but, the E. Coli removal was reduced somewhat from 
99 % to 94 %. In addition, he also reported on the removal of spore 
forming bacilli, which are considerably resistant to chlorination. There 
was a mean removal of 81 % on these spores at one works and 88 % at 
another. However, immediately after bed skimming the removal rate 
dropped from 81 % to 73 %. Poynter and slade (1977) reported a 
99.6 % removal of coliform organisms and a 99.5 % removal of E. Coli 
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over a period of 18 days at a temperature of 5 "C and a filtration rate of 
0.2 m/h with laboratory-scale filters. They also reported that there was 
no significant effect on removals after the filtration rate was increased 
to 0.4 m/h. Munduga (1984) reported a 100 % removal of coliform 
from a lab oratory- scale investigation, with the inflow concentration 
varying from 6000 to 27000 per 100 ml at a treatment rate of 0.1 
m/h. Ellis (1985) reported an average of 97 % removal of coliform 
organisms when filtering a secondary wastewater treatment works 
effluent containing upto 2750000 coliform organisms per 100 ml 
through a laboratory-scale slow sand filter (0.06 m2 surface area, 
ES=0.3 mm, 0.9 m depth, 0.15 m/h) at about 14 OC. 
3.5.3 Viruses 
Windle-Taylor (1969-70) and Poynter and Slade (1977) have 
demonstrated that slow sand filters are higly effective in removing 
viruses. Windle-Taylor (1969-70) reported that 99.9 % or greater 
removal was achieved from 100 plaque-forming units (PFU) per 
milliliter of attenuated poliovirus with only one pass throuhg a 600 
mm depth of sand bed at a filtration rate of 0.2 m/h at various 
temperatures below 20 'C. It was found that four viruses passed 
through a sand bed of 300 mm depth for every one passing through 
the 600 mm sand bed depth but a 99.6 % or greater removal was still 
achieved by the shallower filter. However, increasing the filtration rate 
to 0.3 m/h sharply reduced the efficiency of removal. Windle-Taylor 
(1969-70) also reported a considerable reduction of between 60 % 
and 75 % of viruses per day during the storage in filters at 
temperatures of only 4 to 5 'C, while at 20 OC nearly complete removal 
was achieved in 24 hours. 
Poynter and Slade (1977) investigated the slow filtration of water 
containing between 400 and 600 PFU/ml of the LSc 2ab strain of 
attenuated poliovirus 1, employing a Laboratory- scale filter (0.09 M2 
surface area). They reported a 99.999 % removal at a filtration rate of 
0.2 m/h through a 600 mm depth at a temperature of 11 to 12 OC, but 
this removal efficiency dropped to 99.8 % at 6 OC. In warm weather 
and with water temperature of up to 18 OC only one virus in a million 
passed through the slow sand filter. Windle-Taylor suggested that 
faster filtration rate markedly reduced the removal of viruses. Virus 
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removal was 99.93 % at 0.2 m/h and 5 OC while the coliform. removal 
was 99.6 % and the E. Coli removal was 99.5 % but on increasing the 
filtration rate to 0.4 m/h the virus removal was reduced to 99.78 %, 
the colifiorm removal to 99.4 % and the E-Coli removal to 99.6 %. On 
further increasing the filtration rate to 0.53 m/h the virus removal was 
reduced to 98.05 %, the coliform removal to 93.2 % and the E. Coli 
removal to 97.0 %. 
Slade (1978) later investigated virus removal using full-size filters 
(0.337 ha) at the Coppermills works of the Thames Water Authority, 
operating at a filtration rates of between 0.05 m/h, 0.17 m/h at 
temperatures of between 6 OC and 11 'C. This resulted in virus 
reductions of between 97.1 % and 99.6 % with an average of 98.7 %. 
These removals were lower than previously reported by Poynter and 
Slade (1977), probably because the sand bed depths employed were 
only 0.45 and 0.30 m whereas a sand depth of 0.6 m was employed for 
the earlier work. Although filter cleaning had some effect on bacterial 
removal, it did not have any effect on virus removal. In addition Slade 
(1978) reported that there was no difference between the removal of 
different kinds of viruses from a variety of viruses present in raw 
water. Cocksackie viruses BI and B5 were the most common in the 
prefiltered water and occasionally some cocksackie B3, B4 and Polio2 
were detected. Poliovirusl was also detected on one occasion from the 
prefiltered water. Cocksackie viruses BI and B2 were also detected 
together with the occasional polio B2 in the filtrate water. Slade 
(1978) concluded that cocksackie group B and poliovirus behave 
similarly in a slow sand filter and hence the results of earlier 
investigations employing attenuated poliovirus typel are applicable to 
a much wider range of viruses. 
Poynter and Slade (1977) found that E-Coli reductions were slightly 
less than the poliovirus reductions employing laboratory-scale filters. 
Thus, they concluded that E. Coli removal was a good indicator of virus 
removal through a slow sand filter. Slade (1978) also found that E. Coli 
removal percentages were slightly less than the virus removal 
percentages and hence concluded that E. Coli removal can be used as 
an indicator of virus removal by slow sand filters. However, Slade also 
pointed out that there were no E. Coli present in some samples taken 
of the filtrates of some slow sand filters but these did occasionally 
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contained viruses. This illustrated a definite limitation in using E. Coli 
as an absolute indication of viral pollution. Slade also pointed out that a 
weakness of his tests may have been the result of the limited volume of 
water (100 ml) used for the E. Coli test while 15 to 200 litres of water 
were employed for the virus test. 
3.5.4 Schistome Cercariae 
Schistosomiasis (Bilharzia) is one of the major diseases of the world, 
from which more than 300 million people are currently suffering. This 
number is increasing, especially as the result of extended irrigation 
(Cairncross, 1983). The disease is caused by one of four species of 
trematode worms; schistosoma japonicium, s. mansoni, s. 
haematobium, and s. intercalatum (Mc Junkin, 1970). The infective 
organism for man are the cercariae produced by the infected snail 
which acts as an intermediate host. Although the cercariae die off 
completely within 72 hours, and probably within 24 hours, they are 
moderately resistant to chlorination. They are not removed by 
coagulation and flocculation. The cercariae also pass through rapid 
sand filters. However, the cercariae will be removed effectively by 
small grain-size sand filters and also by diatomaceous earth filters. 
Leiper (1915 and 1916) had no success with cercariae removal when 
using a 102 mm depth of desert sand; nor was pre-coagulation of the 
water succesful either. Witenberg and Yofe (1938) reported that the 
cercariae passed through a 750 mm depth of sand. However, they did 
not record the sand size nor the filtration rate employed. Unrau 
(1979) reported the removal of all the cercariae from raw water when 
using a 0.91 m depth of 0.1 to 0.4 mm sand and a filtration rate of 
0.11 m/h. Unrau (1979) also reported the removal of all the cercariae, 
dosed at a concentration of 10000 per 200 ml of water, when 
employing a filter with sand of 0.22 mm effective size and a uniformity 
coefficient of 1.73 at a filtration rate of up to 3.0 m/h. 
Kawata (1982) investigated cercariae removal in a series of laboratory 
experiments employing 152 mm diameter PVC tubes filled with sand 
with effective sizes of 0.2,0.3 and 0.4 mm. The filtration rates 
employed were 0.04 m/h, 0.12 m/h and 0.4 m/h with a constant 2.4 
m head of water above the sand. Some 2000 cercariae (1 to 2 hours 
old) were dosed at the top of each column at the beginning of each 
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run. 15.1 % of the dosed cercariae were recovered within a6 hours 
period from the filtrate of the 600 mm deep sand filter (0.4 mm 
effective size) operating at 0.4 m/h while only 0.1 % was recovered 
within a 10 hours period from 600 mm deep sand filter(O. 2 mm 
effective size) operating at 0.12 m/h. However, when 1.2 m deep sand 
beds were employed, no cercariae were present in the filtrate of any of 
the filters at any of the filtration rates. Kawata (1982) concluded from 
his work that a slow sand filter should have an initial depth of 1.2 m 
and a minimum depth of 0.6 m and sand effective size should be 0.3 
mm or less and the filtration rate should not be more than 0.12 m/h 
in order to achieve removal of all the cercariae. 
3.5.5 Aquatic Animals 
Evins and Greaves (1979) discovered that slow sand filters were better 
at removing small aquatic animals from water than either rapid gravity 
sand filters or pressure filters and were also superior to coagulation, 
flocculation and sedimentation, which on one occasion actually 
increased the animal counts. Castle Carrock slow sand filters reduced 
the animal counts from about 8900 to only 3.6 animals per cubic 
metre in the filtrate while the Staines slow sand filters reduced the 
animal count from about 240 to only 0.6 animals per cubic metre. The 
pressure filters, however, working in parallel, only removed 75 % of 
the animals. Immediately after and prior to backwashing these filters 
allowed 20 % more animals to pass through. 
Filter cores from the Fobney slow filters demonstrated that, in 
general, animal numbers were appreciably higher in the upper levels 
of the sand, except for nematodes which were present in large 
numbers in the lower levels. The Fobney filters reduced algal counts 
about 90 %. 
3.6 Algae In Water Treatment 
Algae can develop in standing or slow-flowing water and can create 
difficulties in slow sand filtration. Algae grow in rivers or lakes, from 
which the water may be abstracted for filtration or they may grow in 
storage resorvoirs or even in the slow sand water filter above the sand 
bed. If algae exist as a part of the schmutzdecke then they are usually 
regarded as being beneficial to the treatemet process. They can 
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however , when present in large numbers in the water to be filtered 
cause early blocking of filters and filter runs have been reported as 
being greately reduced to as short as one sixth of the normal period. 
(Ives, 1957). 
3.6.1 Algae In Slow Sand Filters 
Algae can be found in three sections of a slow sand filter. There may be 
planktonic forms in the supernatant water with blooms ranging from 
500 to 45000 forms per milliliter. They are usually green algae and 
may consist of mobile species such as chlamydomonas or casteria or 
may be non-mobile species such as scenedesmus or ankistredesmus. 
Algae also can be found either immediately over the sand surface or in 
the schmutzdecke and the associated sand. 
Algae in slow sand filters may consist of many varieties, including the 
filamentous melosira, which are mostly diatoms and green algae. The 
numbers may increase dramatically during summer when the 
dominant species are usually non-filamentous diatoms and green algae. 
Nitzschia was found by Belinger (1979) to average 108 cells per metre 
squared of sand surface and was reported as producing 300 mg oxygen 
per metre squared per hour during active photosynthesis. 
Ellis (1985) reported that at the Christchurch works of the west 
Hampshire water company that cladophera were regarded as being 
beneficial as the cladophera development in the filters partially shaded 
the sand surface and prevented the development of filter blocking 
varieties of algae. Diatoma sp., navicula sp., and nitzschia sp., which 
multiply very quickly are often the cause short run lengths. Burman 
(1978) reported on the growth of some filamentous algae which did 
not increase the blockage problems since they were concentrated a 
few millimetres above the sandbed in the slow sand filters. However, 
large masses of filamentous algae can create problems during filter 
cleaning. When filters were cleaned manually the schumutzdecke had 
to be scraped into heaps and then quickly removed. If these heaps 
were not immediately removed the algae quickly began to decompose 
and there was a leakage of a dark brown liquid into the sand bed. 
E. Coli also can increase rapidly in these heaps (Burman, 1978). Ives 
(1957) suggested that melosira, planktonic forms of asterionella, 
fragilaria, cyclotella and stephenodiscus are often the cause of filter 
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blocking. The blue-green algae gloeotrichia have been known to block 
a filter so effectively that it could not be drained down. 
Some algae because of their size or shape or becouse of their motility 
are able to penetrate into the sandbed. Small needle-shaped algae such 
as nitzschia acicularis and synedra as well as scenedesmus, 
microcystis, phytoconis, pleurococcus, chlamydomonas and euglena 
can penetrate into sand bed with some ease (Belinger, 1979). Bowles 
et al (1983) reported that during the winter that the diatoms 
nitzschia, accicularis and navicula sp. were predominant in the 
schmutzdecke along with the filamentous species melosira granulatu, 
while in the warmer weather the green filamentous algae zygnema sp. 
dominated with masses of long streamers which also formed dense 
patches on the water surface. During cleaning this algae formed a 
partially dried algal skin which had a thickness of about 2 mm and was 
capable of being rolled up and removed. 
3.6.2 Effects Of Algae 
Algae has various effects on filter operation. These effects may be 
listed as: 
- Early blocking of the filter. 
- Production of taste and odour in the water. 
- Increase in the concentration of soluble and biodegredable products 
of metabolism i. e. increasing the biological oxygen demand. 
- Producing difficulties with filter cleaning. 
- Difficulties and benefits associated with the precipitation of calcium 
carbonate or increase of pH. 
- Oxygen depletion. 
The effect of filter blockage by algae has already been discussed and 
this is probably the most considerable consequence of algal blooms. 
The Standard Methods for the Examination of Water and Wastewater 
(1989) lists the following as filter clogging algae i. e. anacystis, 
chlorella, closterium, dinobryon, gymbella, synedra, rivularia, 
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cyclotella, navicula, tabellaria, asterionella, palmella, spirogyra, 
oscillatoria, trachelomonas, fragilaria and anabaena. 
3.6.3 Taste And Odour 
Taste and odour also are one of the important disadvantages caused by 
algae in water and Postchlorination can often intensify the initial taste 
and odour effects. Mallomonas, anabaena, asterionella and synura are 
well known for producing taste and odour in water. Standard methods 
(1989) lists the following as taste and odour producing algae: 
Uroglenopsis, hydrodictyon, anacystis, synedra, peridinium, geratium 
aphanizomenon, saturastrum, dinobryon, nitella, tabellaria, 
gomphosphaeria, volvox and pandorina. 
3.6.4 Additional Oxygen Demand 
Belinger (1979) reported that up to 30 % of the organic compounds 
produced by algae leak into water and substantial amounts of glycolic 
acid, polypeptides, and carbonhydrates are produced. Up to 10 mg/l of 
such compounds as sucrose, ribose and maltose were detected in the 
water above the sand bed (Belinger, 1979). This represents a 
considerable addition of soluble organics, most of which are readily 
biodegredable (Belinger, 1979) 
3.6.5 High pH 
Inorganic carbon sources such as dissolved carbon dioxide, 
bicarbonate and carbonate are used for anabolic processes during the 
photosynthesis of algae. As a result, the natural buffering capacity is 
reduced and hydroxyl ions are produced with the result of an increase 
in the pH of the water up to perhaps pH 10,11 or occasionally even 
higher. Magnesium hydroxide and calcium hydroxide are thus 
precipitated on to the sand grains this then can cause either blocking 
of the filter or an increase of the effective size of the sand or even an 
alteration of the sand grain shape. An unexpected result of such 
photosynthetic activity was reported from Brisbane, Australia in that 
the high pH values caused a substantial deposition of calcium 
carbonate onto the filter sand. Then during a period of high turbidity 
of the raw water, alum was dosed to a pre -sedimentation tank. 
Following this chemical pretreatment the water pH was as low as 5.0, 
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but on coming into contact with the deposited calcium carbonate the 
pH was corrected automatically to between 7.0 and 7.5 until all the 
calcium carbonate was used up (Ives, 1957). 
3.6.6 Oxygen Depletion 
Algae are able to photosynthesize and produce o)ýygen during while 
solar radiation is available. Algae however stop producing oxygen 
during the night or during periods of reduced solar rediation but 
continue to consume dissolved oxygen for respiration purposes. The 
rate of this respiration may only be between 10 % and 15 % of the rate 
at which oxygen may be produced at the peak of photosynthetic 
production. However, because of the limited storage capacity of water 
for oxygen an intense bloom of algae may cause the water to become 
anoxic overnight. 
Anoxic conditions and the resultant anaerobic activity, as discussed 
earlier, can also develop taste and odour problems, cause the 
redissolution of deposited iron and manganese salts and permit the 
passage of considerable number of coliform microorganisms through 
the filter (Ellis, 1985). 
3.7 Operation Of Slow Sand Filters 
The efficiency of a slow sand filter depends upon a number of factors 
including the quality of the raw water, the climatic conditions, the 
dynamics of the population of microorganisms, both at the surface and 
in the sand bed, and also on the design, construction and operation. 
The design affects the efficiency of the filter in terms of filter run 
length and filtrate quality by four design factors which are the grain 
size, the depth of the filter medium, the water head above the sand 
bed and the rate of filtration (IRC, 1983). Accurate information about 
these factors can often be obtained by conducting a pilot-scale filter 
investigation. 
Burman (1978) suggested that there are eleven principles of good 
operation of a slow sand filter. These include the removal of excess 
turbidity using effective pre-treatment, steady-state operation, not 
leaving the beds idle when full of water, cleaning, when required, as 
quickly as possible and resanding only during the coldest time of the 
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year. He emphasised the importance of maintaining a steady filtration 
rate at all times since sudden changes in the filtration rate would 
cause specific nutrients in the water either not to reach or to pass 
through, those layers of the sand bed at which specific microbial forms 
had developed specifically to deal with them. Burman also emphasized 
that the rate of economical filtration and the depth of skimming 
during the cleaning process depend greately on the quality of raw 
water. In addition it is important that there is never more than one 
filter being cleaned at any one time, inorder to reduce additional 
strain on the operating filters. Also inorder to make effective use of 
the labour forces. It is sometimes better to clean filters before it 
becomes essential to do so rather than having two filters in need of 
cleaning at the same time. 
3.7.1 Maturation 
When commencing the operation of a totally new slow sand filter the 
filtration can be started at about one quarter of the design flow rate. 
Then, the filtration rate may be slowly increased to the design flow 
rate over the next few weeks while the filter medium gradually 
matures. During this period filtrate is run either to waste or is 
recycled through another mature filter (Van de Vloed, 1955). 
A schmutzdecke will develop within a few days but this does not 
represent all of the required maturation process. The maturation 
process is, to some extent, the development of the correct balance of 
electrostatic charges on the individual sand grains, especially if the 
sand is obtained from newly crushed rock. However, more importantly 
for the maturation process, is the slow development of the required 
balance of bacteria and other microorganisms on the sand grains of the 
zoogloeal layer. This biologically active zone will extend to a depth of 
about 400 mm in the sand bed (Huisman, 1978; Jain, 1975). The 
development of biological activity will have three principal roles. 
These are the entrapping and eliminating unacceptable 
microorganisms, of facilitating the breakdown of organic material from 
the water and also of autotrophically o--ddising the ammonia to nitrate. 
The maturation process may take up to 40 days or even more (Ellis, 
1985). Schmidt (1977) reported that more than 40 days was required 
before a new filter was able to eliminate 100 % of synthetic detergent 
46 
in the inflow water. However, the period necessary for the maturation 
process will be considerably reduced with increasing temperature. 
Towards the end of maturation period, before filtrate is put into 
supply, tests should be carried out on the filtrate in order to make 
sure that the required physical, chemical, and especially 
bacteriological purification is being achieved. If the facilities are 
limited for testing water quality, and especially for bacteriological 
tests, then ammonia determinations can be helpful. There should be 
no ammonia in the sample taken from filtrate of a mature filter (Jain, 
1975). 
3.7.2 Cleaning 
With a clean filter, the outlet control valve will only need to be opened 
slightly in order to pass throuhg the required filtration rate. The 
correct flow rate through the filter is then maintained daily by 
adjusting the outlet valve. Filter cleaning is necessary when, with the 
design water head above the sand bed and with the outlet valve fully 
open it is not possible to pass the required flow rate. 
Van Dijk et al. (1978) and Huisman et al (1974) suggested sequence of 
the filter cleaning process in five steps as follows: 
1- Close the inlet valve and allow the water level to drop by filtration, 
preferably overnight. 
2- Drain off the remaining supernatant water by opening the valve 
situated just above the sand surface. 
3- Allow the water to drain about 200 mm below the sand surface. 
4- Skim off about 25 mm of the accumulated schmutzdecke and 
associated sand. 
5- Return the filter to operation. 
Step 2 should be carried out as quickly as possible. Draining the water 
down to about 200 mm below the sand surface is commonly accepted 
practice. Burman (1978), however, suggested draining the filter 
completely in order to prevent anaerobic conditions developing in the 
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sand bed. The necessity for draining the bed completely increases 
with longer cleaning processes and with higher ambient temperatures. 
3.7.3 Sand Washing 
Usually the washing of the sand is carried out immediately following 
the filter-skimming operation in order to prevent difficulties such as 
putrefaction, bird scavenging and rodent feeding (Huisman et al, 
1974). However, at the Bristol water works, the skimmed material is 
left for two months before washing so that the algae in the 
schmutzdecke is able to decompose. Otherwise it is found to be 
difficult to wash the accumulated algae off the sand (Ellis, 1985). 
Sand washing is carried out employing a variety of techniques. The 
simplest of these is to use a sand washing platform consisting of a 
platform surrounded by a low brick wall and with a drainage facility 
over a low wooden weir. The operator applies a high-pressure water 
jett on the sand in order to remove the dirt from the sand grains. The 
wash water containing a high suspension of removed dirt then flows 
away over the low weir while the clean sand remains on the platform. 
3.7.4 Resanding 
The resanding of a slow sand filter be carried out when the bed depth 
has declined to the accepted minimum level. Resanding can be carried 
out simply by placing clean sand on top of the existing filtration 
medium but then the established biological system in the top levels of 
the sand bed will be lost and, as a result, a longer period of re- 
maturation will be necessary. Huisman and Wood (1974) suggested the 
technique known as 'throwing over'. The initial step of this technique 
is to remove the top biologically- active layer of the sand down to a 
depth of about 400 mm. This is then stored at one side while the 
required depth of new or cleaned sand is placed in position. Finally 
the biologically active initial sand (the throw-over) is replaced as the 
top layer. In this way much of the biological activity is retained so that 
the re-maturation period is reduced. In addition, by employing the 
throw-over technique, the accumulation of fouling material at lower 
levels in the bed is prevented. This will prevent the ultimate 
deterioration of the filtrate quality or the clogging of the sand bed at 
deeper levels. Also over-compaction of the lower layers of sand is 
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prevented by periodically lifting out this biologically active layer and 
replacing it. 
Burman (1978) suggested that resanding should be carried out during 
the coldest season of the year and the process of resanding should be 
completed as quickly as possible. These he suggested as being 
necessary as, when the water is drained from the sand bed, the 
microorganisms attached to the sand grains find nutrient material to 
be in short supply and hence these microorganisms become more 
oxidative in nature and begin to use the bacterial gums by which the 
bacteria are attached to the sand. As a consequence many bacteria will 
be freed from the grains to be washed through with the filtrate when 
the filter is restarted. This effect will be increased with lengthier 
interruptions and higher temperatures. 
3.8 Advantages And Disadvantages Of Slow Sand Filters 
For both developed and developing countries advantages of slow sand 
filters can be listed as follows (Cox, 1969; Van Dijk et al, 1978): 
- The design and operation are relatively simple. 
- The equipment required is relatively simple. 
- Only limited supervision is required. 
- Usually there is no need for chemical pretreatment 
- Suitable sand is usually available locally and only a minimum of 
screening is necessary. 
- The filtrate water quality is of a uniform quality and is less corrosive 
than a chemically treated water. 
- The operational costs are relatively low. 
- The wastage of water is only a small especially if the filtrate is 
recycled during the maturation period. 
- Sludge production is minimal. 
- The removal of pathogenic organisms is excellent. 
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- There is usually no ammonia in the filtrate. 
- The power requirement is limited. 
The disadvantages can be listed as follows: 
- Slow sand filters require a large land area and a large volume of sand 
and consequently they have high initial costs. 
- Little flexibility of operation. 
- Colour removal is limited. 
- The filtrate quality may be poor if the raw water contains a 
substantial content of algae. 
- Run lengths may be short and hence operation costs may be high if 
the raw water possesses a high turbidity. 
3.9 High Turbidity Problem 
Of these suggested disadvantages of slow sand filtration it is the 
severely shortened run lengths which result when the turbidity of the 
raw water is high which is of the greatest importance. The maximum 
acceptable turbidities of raw water for slow sand filtration have been 
suggested as beeing between 10 and 30 NTU (Cox, 1969; Huisman et 
al, 1974; Thanh et al, 1982 and Paramasivam et al, 1981). Maximum 
suspended solid concentrations in the raw water of 25 mg/1 have been 
suggested by Rajapakse and Ives (1990). However Huisman et al 
(1974) suggested that higher turbidities of up to 120 NTU can be 
tolerated for 1 or 2 days without major effect. 
Probably it was the high turbidities existing in surface waters in the 
USA which was the reason for abandoning slow sand filtration there 
and the development of the rapid filtration techniques. In much of the 
tropical world surface waters may periodically have high turbidities, 
especially during the rainy or monsoon season. This have been a major 
factor in the lack of acceptance of slow sand filters in much of the 
world. High turbidities of surface water in tropical areas are mainly the 
result of uneven but high annual rainfalls associated with land 
cultivation techniques which often encourage soil erosion. 
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Turbidity as a parameter for assessing the acceptability of water for 
slow sand filters has been questioned as water turbidity may be caused 
by colloids, colour, and dissolved material as well as by suspended 
solids. However, it is only the suspended solid content which has any 
effect on the development of head loss in a slow filter. Hence, it was 
suggested that the suspended solids concentration is a more usefull 
parameter by which to judge the quality of raw water applied to slow 
sand filters than is turbidity (University of Dar Es Salaam, 1982; 
Wegelin, 1986). 
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WATER QUALITY PARAMETERS 
4.1 Introduction 
Water is undoubtatly one of the most important necessities for all living 
creatures. Fresh water exists in a limited and nearly constant amount 
on the earth. With the increasing population of the world, demand for 
clean fresh water has increased. On the other hand the pollution 
released into water, mainly as a result of human activities, has also 
increased. 
Water in nature is being continuously recycled as water vapour in the 
atmosphere, as surface water in rivers, streams, lakes, seas and oceans 
or as groundwater. This cycle of water is called the hydrological cycle. 
Both surface water and ground water mostly originate from rainfall. All 
rainwater contains constituents which are taken up or washed out from 
the atmosphere, including atmospheric gases. These are dissolved in 
the rainfall droplets. After falling to the ground surface, rain water 
forms surface runoff or a groundwater flow and starts picking up 
impurities such as minerals compounds, organic matter, debris from 
vegetation and animal origin, soil particles and microorganisms. 
Fertilisers and pesticides may be picked up in agricultural areas. While 
flowing under ground water pick up carbonates, sulphates, chlorides, 
calcium, magnesium and sodium salts. At the same time however, 
filtration takes place and suspended solids are removed. Some organic 
substances are biodegraded and these are removed by microorganisms. 
Surface run-off and groundwater flow ultimately proceeds to streams, 
rivers and lakes where the water is open to pollution from human and 
animal life, vegetation, plants and algae. Discharges from domestic, and 
more seriously industrial wastes, escalate the water pollution. 
Quantitative measurements of the quality characteristics of water are 
necessary to be able to establish the features of the water, and are 
essential before dealing with treatment processes. These 
characteristics can be devided according to their physical, chemical, 
and microbiological nature. Suspended solids, turbidity, colour, taste, 
odour and temperature are considered as the main physical 
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caracteristics of water. Physical characteristics are those which can be 
detected by the human senses. 
Chemical chracteristics can basically be listed as pH, dissolved oxygen, 
organics, alkalinity, hardness, the presence of metalic salts metals and 
of nutrients. Microbiological characteristics are usually expressed as 
concentration of the indicator organisms of faecal pollution. Some of 
the physical, chemical, and microbiological chracteristics of surface 
water are briefly discussed below. 
4.2 Dissolved Solids 
Dissolved solid can be defined as the solids remaining as a residue 
when carefully filtered water is evaporated at 103 OC - 105 OC. The 
solids measured in this way are perceived as total dissolved solids. The 
total dissolved solid content of potable waters ranges from about 20 
mg/l to more than 1000 mg/l. 
Dissolved solids can be separated into volatile solids or fixed solids. The 
standard procedure to determine the relative proportions of volatile 
and fixed solids is to heat them to 600 OC. The loss in weight is 
interpreted in terms of volatile solids and the remaining amount is the 
fixed solid. Usually volatile solids are regarded as organic and fixed are 
inorganic solids. 
With some biologically active material the volatile solids present are 
sometimes roughly accepted as being equivalent to the amount of 
bacteria (and other microorganisms) present. Thus the determination 
of the volatile solid material is held to be a quick, if far from accurate, 
method of determining biological activity. 
In potable water dissolved solids mostly consist of inorganic salts, 
which are principally carbonates, bicarbonates, chlorides, sulphates and 
nitrates of sodium, potassium, calcium, and magnesium together with 
small concentrations of organic matter. Dissolved solids in water result 
mainly from the natural contact with rocks and soil as well as some 
contribution from pollution. 
Although dissolved solids on the whole do not have adverse effects on 
health in moderate concentrations, they may be one of the important 
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properties of the water when being considered for industrial use. Some 
components of dissolved solids like chlorides, sulphates, magnesium, 
calcium and carbonates play a leading part in corrosion or incrustation 
in pipe lines. Dissolved solids cannot generally be removed by 
conventional treatment. It is possible to obtain an approximate 
measurement of the dissolved solids in potable waters by measuring the 
electrical conductivity. 
4.3 Suspended Solids 
Suspended solids are particles which are of various size and origin but 
which are usually eroded from the land surface. The particles including 
inorganic materials such as clays, silt, and other soil or rock 
constituents as well as living or dead organic matters such as plant or 
animal debris, algae, bacteria and other microorganisms. Another 
source of suspended solids results from the use of water for domestic 
or industrial purposes. Domestic wastewater usually contains 
considerable quantities of suspended materials which are mostly 
organic in nature. A wide range of suspended particles of organic or 
inorganic nature may be released into the water by industrial use. 
Suspended solids may increase the deposition and fouling problems 
and with high-velocity water may help to increase the rate of corrosion 
of pipelines. Suspended solids are determined by drying and weighing 
following filtration. 
4.4 Turbidity 
Turbidity is a measurement of the lack of clarity of water due to the 
presence of minute suspended solids such as clay, silt, algae and other 
microorganisms. Turbidity measurement in water until recently 
involved the use of the Jackson candle turbidimeter which was initially 
developed in 1900. 
The lowest turbidity that could be measured directly with a Jackson 
Candle was 25 units. Turbidities of treated water, however, usually fall 
within the range of 0 to 1 unit. Therefore, nephelometric methods 
were also developed to estimate turbidity. Later because of their 
precision, sensitivity and applicability over a wide turbidity range, the 
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nephelometric method became preferable to the jackson candle 
method. 
The nephelometric method is based on a comparison of the intensity of 
light scattered by the sample under the incident light with the 
intensity of light scattered by a standard reference suspension. 
Formazin polymer is used as the reference turbidity standard 
suspension. A nephelometric turbidimeter consists of a nephelometer 
with a light source and one or more photoelectric detectors with a 
readout device to show the intensity of scattered light at 900 to the 
direction of incident light. 
Turbidity is an important parameter for aesthetic, filterability and 
disinfection reasons. The apperance of water, when it is turbid, would 
make it unattractive to the consumer. Filtration of water is more 
difficult and expensive as the turbidity increases and the use of slow 
sand filtration may become impractical without employing 
pretreatment. Pathogenic microorganisms within or on the particulates 
in turbid waters can be shielded against disinfectants. In addition some 
particles can increase the disinfectant demand. 
4.5 Colour 
Colour in potable waters is due primarily to humic substances (humic 
and fulvic acids) and may be caused by the presence of organic 
materials such as leaves, conifer needles and wood as well as by the 
products from various stages of their decompositions. The presence of 
iron salts in the water can also result in the formation of colour as can 
discharges of industrial wastes from such industries as the paper and 
pulp industry and the textile and dyeing industries. 
Pure water is normally colourless in small quantities although in bulk it 
may appear to be yellow or blue. Aquired colour is measured by 
comparing the sample with a series of standard solutions of potassium 
chloroplatinate modified with small amounts of cobalt chloride. 
Turbidity increases the colour therefore colour is usually measured 
after removing the turbidity. This is then known as true colour. When 
turbidity has not been removed the colour is referred to as being 
apparent colour. 
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Coloured water is unattractive for both domestic and industrial use. 
Humic substances react with chlorine and produce chloroforms and 
other trihalomethans. However most of the humic substances are 
removed from the raw water by conventional treatment. True colour, 
caused by organic substances, may exert a disinfectant demand and 
therefore may diminish the eficiency of the disinfectant. 
4.6 Temperature 
Temperature has an important influence on various chemical, physical 
and biological aspects of water. For example the removal of turbidity 
and colour are related to temperature since the optimum pH for 
coagulation decreases as the temperature increases (WHO, 1984). The 
efficiency of sedimentation and filtration diminish as the viscosity of 
water increases with decreasing temperature. Temperature also 
influences the use of activated carbon as absorptivity increases as the 
temperature drops. A rise of temperature, while it increases 
considerably the effect of disinfection, will on the other hand escalate 
biological activity. 
A 10 'C rise in temperature tends to just about double the rate of 
chemical reactions (AWWA, 1990) and double the biological activity 
(Peavy et all, 1986). Trihalomethanes formation rates also increases 
with temperature in chlorinated waters (WHO, 1984). 
4.7 pH 
pH is a parameter employed to describe the acid or alkaline condition 
in water in terms of the concentration (or activity) of the hydrogen ions 
present. In reality pH =- log [H]. pH has a considerable effect on 
chemical coagulation, disinfection, water softening and corrosion. In 
waste treatment plants where biological processes are employed pH 
needs to be controlled in accordance with the demand of the particular 
organisms involved. In potable water treatment the efficiency of 
coagulation and flocculation are also dependent on pH. The pH must be 
adjusted to achieve optimum flocculation. Filtration efficiency may 
sometimes also be affected by pH (WHO, 1984). The effectivenes of 
clorination in water is also reduced as the pH increases. 
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The pH of the potable water is usually within the range of 6.5-8.5 but 
may be altered substantially during water treatment. The pH tends to 
be lowered by chlorination but rises as a result of softening. The pH 
scale ranges from 0, which is the most acid conditions to the most 
alkaline conditions of 14 and has a neutreal value of 7. 
4.8 Nitrogen 
Nitrogen is important in the life process of all plants and animals. It 
exists in several valence states. The change of nitrogen from one state 
to another can be performed by living organisms. The change of valence 
state of nitrogen by bacteria can be positive or negative acording to 
whether aerobic or anaerobic conditions are involved. 
In waste water or freshly polluted waters most of the nitrogen is 
initially in the form of organic nitrogen and ammonia, the organic 
nitrogen is gradually converted to ammonia nitrogen and if aerobic 
conditions prevail then the ammonia may be further midised to nitrites 
and nitrates. 
Nitrifying bacteria (nitrosomonas and nitrobacter) obtain energy by 
oxidising ammonia. Ammonia is oxisised to nitrite by nitrosomonas 
bacteria. The nitrite is then oxidised to nitrate by nitrobacter. During 
the oxidation of ammonia these bacteria use oxygen and if they are 
abundant and metabolically active, a large decline in the oxygen present 
can occur. For the oxidation of ammonia to nitrate 
4 NH 
3 +90 2 go 
4 N03 +6 H20 
I mg/l ammoniacal nitrogen requires 5.1 mg/l oxygen. 
Ammonia in water may be derived from sewage or from agricultural 
runoff. Ammonia and organic nitrogen are often considered as 
indicators of recent pollution. Nitrate is usually derived from organic 
matter of animal or vegetable origin. Hence nitrate in water may be 
regarded as an indication of sewage or animal wastes at an earlier time. 
Nitrate is of importance with potable waters since it has been 
suggested as being the cause of a disease in infants called 
methaemoglobinaemia. The indirect and potential carcinogenic 
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proporties of nitrate and nitrates in drinking waters have also aroused 
widespread (if not widely suported ) concern. 
4.9 Dissolved Oxygen 
Oxygen dissolved in water is essential for the stabilization of any 
biodegradable organic material by aerobic microorganisms. Thus, it is 
important for the health and life of a surface water. Dissolved oxygen is 
a principal factor in determining the nature of biological changes. When 
biodegredation is carried out by aerobic organisms, which use free 
oxygen for the oxidation of organic and inorganic substances, innocuous 
end products are released. However, when biological changes are 
brought about by anaerobic organisms stabilization takes place through 
the reduction of inorganic salts such as sulphates, and the end products 
are often very obnoxious. The existence of dissolved oxygen is also 
necessary to prevent the formation of septic conditions and obnoxious 
odours. 
The source of dissolved oxygen in surface waters is normally the 
atmosphere which is a mixture mainly of nitrogen and oxygen. The 
amount of oxygen dissolved from the air into water is small and 
depends on such factors as temperature, salinity and pressure. 
The other source of oxygen in water is the photosynthetic activity of 
algae and other chlorophyll containing plants. In the presence of 
sunlight algae and other aquatic plants metabolise inorganic compounds 
and produce oxygen. This production of photosynthetic oxygen is a 
common phenomenon but is especially significant in surface waters of 
the warmer and sunnier regions of the world. 
The solubility of atmospheric oxygen in water, when saturated with air, 
ranges from about 14 mg/l at 0 'C, II mg/l at 10 OC to about 7 mg/l at 
35 OC under atmospheric pressure (Ellis, 1989). Dissolved oxygen is 
depleted by the aerobic biological decomposition of organic wastes in 
water The metabolic activity of microorganisms involved in the 
biodegredation of organics increases with increasing temperature 
whereas the solubility of dissolved oxygen decreases. An increase in 
pollution load, especially at high temperature will stimulate the 
biological activity and the oxidation of organics will be accelerated. 
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Aerobic conditions will be maintained as long as sufficient dissolved 
oxygen is present in the water. 
Dissolved oxygen is one of the most important parameters for 
determining the quality of surface waters in that it gives a valuable 
indication of the degree of self purification being undergone in streams. 
As such it reveals the extent of pollution rather than the potential for 
pollution. 
4.10 Biochemical Oxygen Demand (BOD) 
The biochemical oxygen demand (BOD) is one of the most important 
parameters by which the strength of the organic pollution in waters is 
determined. BOD is a measure of the dissolved oxygen required by 
aerobic organisms, when present in water, to metabolise the complex 
and unstable molecules of pollution. During the metabolic process 
organic substances like proteins, fats, lipids, alcohols, carbohydrates 
are oxidised to a number of simple and stable inorganic compounds 
such as carbon dioxide, water, sulphate, phosphate and ammonia along 
with the production of fresh cellular material (figure 4.1) (Ellis, 1989). 
The BOD test is carried out to determine the oxygen consumed by 
aerobic microorganisms during the biological oxidation process in 
which the rate of reaction is affected mainly by population numbers and 
by the temperature. During the test the temperature is held constant at 
20 'C. Theoretically an infinite time is necessary for complete biological 
oxidation of organic matter but if a sample of partially polluted surface 
water is placed in an incubator at 20 OC and the amount of dissolved 
oxygen measured initially and thereafter daily and the changes in the 
dissolved oxygen values (i. e. BOD) is ploted against time in days a curve 
would be obtained as shown in figure 4.2. 
The determination of BOD with an incubation time of 20 days could be 
of some importance because it represents 95% to 99% of the 
Theoretical Oxygen Demand (ThOD) (Khowaja, 1991). For a routine test 
a period of 20 days would be impractical. However, about 70% of the 
BOD is usually utilised at the end of 5-day period. This is called the 5- 
day BOD (BOD5). In practice water under test is placed in two 250 ml 
glass-stoppered air-tight BOD bottles and the dissolved oxygen content 
of the one is measured immediately while the other is incubated at 20 
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'C for 5 days in the dark. At the end of 5 days the remaining dissolved 
in the second bottle is measured. The 5-day BOD basically is the 
difference between the two dissolved oxygen concentrations. 
Complex and Unstable 
Organic Compounds 
(Carbohydrates, 
Proteins, Fats etc) 
(aerobic 
bacteria) 
Simple and Stable 
Inorganic Compounds 
[Carbon dioxide, Water 
Ammonia, Sulphates, 
Phosphates etc. ) 
Fresh Cells Of 
Microbial Protoplasm 
Figure 4.1 Biological carbonaceous breakdown of organic matter (Ellis, 
1989). 
The level of BOD directly determinable is limited as it is normal to 
restrict the BOD measured, for accuracy reasons, to about 70 % of the 
dissolved oxygen available. Therefore, for most samples dilution is 
necessary and dilution must be achieved with a standard dilution water. 
Dilution water is prepared from distilled or good quality deionised 
water. Copper stills must be avoided as traces of copper, down to as 
little as 10 ýig/l, can inhibit the action of the essential microorganisms. 
To this pure water standard quantities of ferric chloride, calcium 
chloride and magnesium chloride are added. A phosphate buffer 
solution is also added to maintain the pH at 7.2. The prepared water is 
brought to test temperature and then saturated with oxygen by bubbling 
air through it (Ellis, 1989). 
If nitrification occurs during a BOD determination then an additional 
oxygen demand will be developed. This additional oxygen demand will 
be proportional, to a large extent, to the mass of nitrifying bacteria 
present. Should nitrification occur the BOD figure will have little 
relation to the required carbonaceous oxygen demand. In order to 
overcome this difficulty 0.5 mg/1 allylthiourea is added to the dilution 
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Oxygen 
water to inhibit the metabolic activity of the nitrosomonas bacteria 
which converts any ammonia present to nitrite (Ellis, 1989). 
Ultimate carbonaceous BOD 
- ---------- 
0 
7ý 
Q 
0 
5 10 15 20 
Time (days) 
Figure 4.2 Development of the BOD curve 
The BOD test is of importance as it reflects the presence of 
biodegredable organic material in water. It does, however, possess 
major disadvantages associated with lack of reproducibility, the 5-day 
time period required and its proneness to inhibitation resulting from 
the present of toxic materials. As a result other, completely chemical 
tests, have been evolved which, however, reflect the presence of both 
biodegredable and non-biodegredable material. Two such tests are the 
Chemical Oxygen Demand (COD) and the Total Organic Carbon (TOC). 
4.11 Chemical Oxygen Demand (COD) 
The chemical oxygen demand (COD) is a measure of the oxygen 
required for the oxidation of organic matter chemically instead of 
biologically. During the COD test nearly all the organic material in a 
sample will be oxidised, whether or not it is biodegradable. Therefore 
the COD values are always higher than the BOD values for a particular 
sample. The main advantage of the COD test is the time required to 
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obtain the result which is about three hours rather than the 5 days for 
the BOD test. The histogram in figure 4.3 represents the capabilities of 
the BOD and the COD tests in a polluted water sample. 
The COD test employes potassium dichromate in boiling sulphuric acid 
as the oxidising agent. As a result it is capable of oxidising most of the 
organic matters almost completely to carbon dioxide and water. 
However, the addition of a silver sulphate catalyst is necessary to allow 
the oxidation to be as complete as possible. Chloride ions interfere and 
hence it is usual practice to suppress them by the addition of mercuric 
sulphate. COD determinations of samples containing more than 2000 
mg/1 chloride is not recommended. In addition, the COD test has 
strictly limited application for river waters and good quality effluents 
because of the increasing inaccuracy involved for the polluted waters 
with a potential oxygen demand less than 50 mg/l. The accuracy and 
reproducibility of the COD test are not particularly high, especially 
when substantial amounts of chloride are present, but they are still 
substantially better than with the BOD test. The COD test does not 
provide any information concerning the biodegradability of the organic 
material present (Ellis, 1989). 
4.12 Total Organic Carbon (TOC) 
Total Organic Carbon (TOC) is basically the measurement of the carbon 
present in the organic material in polluted surface waters. The COD is a 
measurement of the oxygen required for the oxidation of these organic 
substances. The TOC however, is a measurement of a mass of carbon 
present in the molecules of organic matter. Hence, the COD values are 
always greater then those of the TOC by a factor of about 2.5 
(theoretically 2.7) (Ellis, 1989). Both the TOC and the COD involves a 
complete or nearly complete oxidation of organic material in a water 
sample. 
The TOC determinations are carried out by injecting or pumping (by 
means of a metering pump) a small quantity of a water sample through 
an automated sampling valve into a high temperature furnace or UV- 
irradiation reactor which contain an acid as catalyst. There the soluble 
organic carbon is oxidised to carbon dioxide which is later 
quantitatively measured by non-dispersive infrared analysis or by 
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reductive pyrolisis followed by flame ionisation detection. Accuracy and 
reproducibility may range from 1% to 10 % depending on the 
homogenity of the sample. With a filtered sample an error of only 2% 
or even 1% is possible whereas it would rise up to 10 % if suspended 
solids are present in the sample (Ellis, 1989). 
The TOC test is a quicker test to carry out than either the BOD and the 
COD tests. Hence, it provides an opportunity for assesment of water 
quality in a short time and can be the basis of a reliable approximation 
of the oxygen demand. The histogram shown in figure 4.3 suggests that 
the BOD5 values are about 0.53 of the COD values. The relation between 
TOC : BOD.: COD can be stated as being approximately 1.0 : 1.3 : 2.5 for 
polluted surface waters (Ellis, 1989). 
Total 
Organic 
Matter 
Biodegrada 
Non- 
biodegradal 
hh- 
IFigure 4.3 Relationship of the BOD and COD to total organic matter inj 
lwater (Ellis, 1989). 
4.13 AUcroorganisms 
Microorganisms are both hazardous and helpful in water engineering. 
Parasites and pathogenic organisms provide the hazards, but a wide 
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range of heterotrophic saprophytes can be advantageously employed for 
the stabilisation of organic matter in water. 
Microorganisms may require dissolved oxygen in order to be able to 
metabolise (aerobic) or metabolise in the absence of dissolved oxygen 
(anaerobic) or they may possess the ability to metabolise either 
aerobically or anaerobically (facultative). Microorganisms may obtain 
their energy and cellular material from a variety of organic compounds 
(heterotrophic) or they may obtain energy through the oxidation of 
specific inorganic molecules (autotrophic). Microorganisms may be able 
to ingest solid food into the body (holozoic) or be able only to absorb a 
solution through the cell-walls (holophytic). Microorganisms may live 
either off lifeless organic matter (saprophytes) or on living cells in 
which they may create disease (pathogens). Microorganisms may obtain 
the energy they need either from oxidation of organic compounds 
(chemosynthetic) or direct from sunlight (photosynthetic). For 
simplicity and practicability all microorganisms may be divided into 
eight major groups such as bacteria, viruses, protozoa, algae, yeasts, 
molds, pleuropneumonia-like organisms (PPLO) and rickettsiae. 
Because of the difficulties and impracticability associated with 
detecting individual microorganisms in water, the biological 
characteristic of water is frequently determined by means of the 
indicator organisms content. 
Of the microorganisms bacteria, viruses, protozoa, and algae are of 
particular interest for the water treatment specialist. 
4.13.1 Bacteria 
The entire group of bacteria is known collectively as the class 
Schizomycetes which is subdivided into 10 orders of which it is the 
order Eubacteriales which represents the true bacteria. The order 
Eubacteriales is further subdivided into 12 families and then into genus 
and species. They possess characteristics similar to both the fungi and 
the algae but may be regarded as separate and lower in development 
then either of these. 
Bacteria are devoid of chlorophyll and reproduce by binary fission. 
Bacteria exhibit mainly three shapes; The spheres (cocci), the curved 
65 
rod and the straight rod. According to their spatial arrangements, the 
spheres can be further divided as diplococci, streptococci, 
staphylococci, sarcina and micrococci. Diplococci are grouped as pairs 
while sarcina form as packets of eight. Streptococci frequently produce 
regular chains wheras staphylococci produce in an irregular planar 
division. If the spheres exist individually they are called micrococci. 
When the curved rods are in the form of a single curve they are vibrios 
and if they exist as spirals or screws they are called spirillum. 
A large variety of bacteria are carried in water following contact with 
soil, vegetation, and the waste from warm-blooded animals. Substantial 
amounts of bacteria are also obtained from domestic and industrial 
waste waters. Some of these bacteria are able to increase and continue 
their existance in surface waters, whilst others die-off, depending on 
the conditions of the water. 
The most important bacteria that may be present in surface waters 
from the point of view of public health and water pollution are those 
received from sewage and which are of animal origin. These are largely 
of intestinal origin. The majority are harmless, but pathogenic (disease 
producing organisms) will also be present. The most important 
pathogenic bacteria in polluted surface waters include the vibrio 
cholera, salmonella typhi and salmonella paratyphi B. 
Gastrointestinal disorders are often symptoms of diseases transmitted 
by water-borne pathogenic bacteria. The most dangerous water-borne 
bacterial disease is cholera. Salmonella typhose are the causative 
organisms of the serious disease typhoid. 
4.13.2 Viruses 
Viruses are the smallest known organisms ranging from 0.025 to 0.25 
gm in diameter (Ellis, 1989). Most viruses are spherical in shape but 
some are cylindrical and with others the shape may be variable. Most 
human and animal viruses are spherical which makes them impossible 
to classify morphologically. Viruses possess no enzymes and hence 
unlike other microorganisms are totally dependent on the infected 
living cells for reproduction . 
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Some gastrointestinal viruses of humans and some animals are also 
known as enteric viruses and may be excreted by infected people or 
animals. More than 100 different enteric viruses exist and may be 
isolated from surface waters receiving sewage dischages. Viruses are 
more difficult to inactivate than bacteria. They require heavier doses of 
chlorine than would be needed to kill bacteria. Viruses are able to 
withstand cold better than bacteria but limited temperatures of only 50 
IC to 55 'C for a few minutes will inactivate them. Some of the viral 
diseases in man are smallpox, mumps, infectious hepatitis, yellow 
fewer, influenza, rabies and poliomyeltis. Antibiotics have only very 
limited effect against viruses. 
4.13.3 Protozoa 
Protozoa are unicellular, colourless, generally motile organisms the cell 
walls of which are non-rigid, flexible and relatively fragile. Unlike the 
other microorganisms discussed they belong to the kingdom Animalia 
and hence are the simplest of all animals. Reproduction of protozoa is 
usually by binary fission. Since most protozoa feed on free-swimming 
bacteria, they are quite important in many biological wastewater 
treatment processes. Several protozoa are pathogenic to humans and 
other animals. Pathogenic protozoa that could be present in drinking 
water include entamoeba histolytica and giardia lamblia. 
Entamoeba histolytica can cause amoebic dysentery which is one of the 
widespread disease. In some of the devoloping countries up to 60% of 
the population may be infected. Entamoeba histolytica does not exist 
outside the host but is able to form hard walled cysts which are able to 
exist for a long period in water and withstand low level of clorination. 
Protozoa are 15 to 25 gm in length or, as cysts from 10 to 15 ýLm in 
diameter (AWWA, 1990). They can be removed effectively by 
conventional filtration (WHO, 1884). 
Giardia lamblia is a flagellated protozoa which causes the 
gastrointestinal disease giardiasis which is manifested by diarrhea, 
fatigue and cramps. Humans and animals are carriers of this organism 
which exist 9 to 21 gm in length or as an ovoid cyst, about 10 [im long 
and 6 gm wide (AWWA, 1990). Giardia cysts may survive in water for 
one to three months and are more resistant to chlorination than the 
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coliform bacteria. They can, however, be effectively removed by slow 
sand filtration (AWWA, 1990). 
4.13.4 Algae 
Algae are all photosynthetic, contain chlorophyll and are capable of 
obtaining energy from sunlight. The algae utilise the C02/HC03'/CO3 11 
complex in water as their source of cellular carbon. They also require 
nitrates and phosphates as the source of cellular nitrogen and 
phosphorus. During photosynthesis relatively large quantities of oxygen 
are produced. In the absence of light or in reduced light intensity 
situations some algae undergo endogenous respiration while others 
utilise organic matter as the source of their energy in the manner of 
bacteria. For this respiration dissolved oxygen is required and is 
absorbed from the carriage water. 
The principal criterion for classification of algae is the pigments within 
the cell, however, storage products, cell wall constituents and 
morphological differences have also been used. Subdivisions of algae of 
between seven and upto eleven groups seem to be common. However, 
only a certain few of these are of importance in surface water and water 
trearment (Ellis, 1989). 
The blue-green algae (the cyanophyta) occur in unicellular, colonial and 
filamentous forms. They are probably the most widely distibuted of the 
classes of algae and are capable of imparting a blue-green colour to 
eutrophic ponds where they may exist in very large numbers. The 
chlorophyta exist as both unicellular and filamentous forms. It is 
commonly called 'blanket-weed' and if present in large numbers can 
impart odour to water. The chrysophyta are mostly biflagellate and 
includes diatoms which are unique in possesing rigid silica- 
impregnated walls. Diatoms consist of two parts of which one overlaps 
the other (Ellis, 1989). 
Blue-green algae release toxins and have been reported to cause 
gastroenteritis (WHO, 1984). Health problems are however unlikely to 
occur unless untreated water is consumed. Many problems associated 
with algae result from their interference in the operation of water 
treatment processes. High concentrations of algae in raw waters may 
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bring about severe clogging problems in filters, cause taste and odour in 
water and increase the chlorine demand. 
4.14 Indicator Organisms 
Natural waters contain a wide variety of organisms such as bacteria, 
viruses, protozoa, algae, and the other organisms. The occurence and 
concentration of pathogenic organisms are greatly influenced by the 
source of the contamination and by the climatic condition. The 
concentration of pathogens can be increased dramatically as a result of 
contamination by human or animal excrement. Most of the pathogenic 
organisms in polluted waters are bacteria of faecal origin. The analysis 
of water for all known pathogens is beyond the capability of most water 
laboratories and would anyway be very time consuming and expensive. 
Specific tests for individual pathogenic organisms are rarely carried 
out. Usually the quality of water is measured by using the indicator 
organisms. The primary objective of using indicator organisms is to 
provide information about the degree of a faecal contamination from 
warm-blooded animals and sewage. 
It is only one or two or occasionally three groups of bacteria, especially 
associated with human or animal faecal matter, that are normally 
isolated and enumerated to determine the extent of the faecal pollution 
in water. These microorganisms are the faecal indicator bacteria. 
Although the presence of faecal indicator bacteria in water does not 
confirm the existence of pathogenic organisms their association with 
animal or human faeces provides a strong indication that disease- 
producing organisms may also be present (Ellis, 1989). 
Ideally indicator organisms should exclusively be of intestinal origin and 
be unable to grow outside the intestinal tract. Suitable indicator 
organisms should always exist in faeces in larger numbers than 
pathogenic organisms. They should react to natural environment and to 
treatment prossesses in a similar manner or be more resistant than the 
pathogens and also be easy to identify and enumerate. However, not all 
the indicator organisms fulfil all these requirements. 
The three usual indicator bacteria are the faecal coliforms, the faecal 
streptococi and the Clostridium perfringens (HMSO, 1983; WHO, 
1984; Ellis, 1989). All of these indicator bacteria eýdst in faeces in far 
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greater numbers than do intestinal pathogenic organisms. Faecal 
coliforms may be present at between 106 and 109 per gram of faecal 
matter. Faecal streptecocci may also be present at between 10,5 and 108 
per gram and the clostridium perfringens at between 103 and perhaps 
1010 per gram (Feachem et al, 1983). These large numbers result in 
very high counts of indicator organisms in sewage and appreciable 
counts in waters which are contaminated with faecal matter (Ellis, 
1989). 
The survival times for faecal streptococci may be about the same or 
even greater than for faecal coliforms. However, spores of clostridia 
perfringens will be able to survive in slow moving or stagnant waters for 
many months after the disappearance of the faecal coliform and faecal 
streptococci organisms. Clostridia perfringens are particularly usefull as 
indicators of occasional pollution. 
The presence of the indicator organisms in water provides very useful 
information about the degree of pollution in water by both human and 
animal faeces and gives a strong indication of the public health hazard 
involved. However, the lack of sufficient knowledge of the relative die- 
off rates of these organisms compared with of water-born pathogens 
and in addition, the inprecision of the isolation and enumeration 
techniques demands that interpretation of any results should be made 
with care (Ellis, 1989). 
4.14.1 Total Coliform 
Total coliforms are defined as aerobic or facultative, Gram-negative, 
non-spore forming, bile-tolerant rods capable of fermenting lactose 
with the production of both acid and gas within 48 h incubation at 37 
'C Total coliforms are largely of faecal origin but may include the genera 
Citrobacter, Enterobacter, and Klebsiella, all of which may also be found 
in unpolluted soil, while Enterobacter aerogenes and Enterobacter 
cloacae may also be discovered in various types of vegetation (Agg et al, 
1978). 
The count of total coliform in faeces normally includes more than 90 % 
(perhaps 99 %) Escherichia coli (Ellis, 1989). 
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4.14.2 Faecal CoUform 
Faecal coliforms are defined as lactose fermenting bacteria in the 
presence of bile salts at both 37 'C and 44 OC, again with the 
production of gas and acid. Faecal coliforms are almost entirely 
Escherichia coli but may contain some Klebsiella pneumoniae (Feachem 
et al, 1983). Escherichia coli are capable of producing indole from 
peptone water within 24 h at 44 'C. However, in hot climates there 
exist some non-faecal organisms which will both grow at 44 OC and 
produce indole from tryptone at this temperatute (Feachem et al, 
1983). 
4.14.3 Faecal Streptococci 
Faecal streptecocci are defined as, Gram-positive organisms eNisting in 
small chains which are found predominantly in human and animal 
faeces. Faecal streptococci are enumerated as the bacteria that are able 
to grow and produce acid in the presence of sodium azide inhibitor at 
45 'C. Usually the faecal streptococci include the Streptococcus 
faecalis, Streptococcus faecium, Streptococcus bovis, Streptococcus 
durans and Streptococcus eguinus. Of these Streptococus faecalis can 
probably be regarded as specifically of human faecal origin. However the 
widespread occurance of Streptococcus faecalis var. liquefaciens which 
is largely non-faecal in origin but can not be differenciated from the 
other Streptococci during the routine determination is one weakness 
of the streptococci as an indicator organisms (Feachem et al, 1983). 
4.14.4 Clostridium Perfringens 
This is a thick, short, rod-shaped bacterium which is exclusively faecal 
in origin, anaerobic and also possesses the ability to form spores. It is 
the durability of the spores which makes the clostridium perfringens 
important as an indicator bacterium. The spores will survive in water 
long after other indicator bacteria have died-off and hence clostridium 
perfringens can be used to detect faecal pollution that has occured 
some appreciable time previously (Ellis, 1989). 
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4.14.5 Other Possible Indicator Organisms 
In addition to the usual three groups of indicator organisms, 
Pseudomonas aeruginosa has been suggested as an indicator organisms, 
especially of human faecal pollution. It is a Gram-positive aerobic, non- 
sporeforming rod and it is possibly of mainly human intestinal origin. 
This organism is widely found in sewages however, it is present in the 
faeces of only 13 % and 15 % of healthy people and only to a limited 
extent at about, perhaps, 50 organisms per gram of faecal matter. 
Pseudomonas aeruginosa has been rarely isolated from soils and is 
perhaps primarily associated with humans rather than with animals. Its 
survival characteristics are superior to those of the coliform. group. One 
specific use of this organisms was suggested as assisting in the 
differentiation of pollution origin. A high ratio of faecal coliforms to 
pseudomonas aeruginosa would indicate a pollution which largely is 
animal origin. Suitable separation and enumeration media have been 
developed but since it occurs quite widely in nature as a free-living 
organisms its use as a specific indicator of faecal pollution must be 
limited (Agg et al, 1978; Feachem et al, 1983). 
The bifidobacteria have also been suggested as a possible indicator 
organisms, especially to replace Escherichia coli, the value of which in 
tropical waters is now in doubt. The common species in man are 
Bifido bacterium adolescentis and Bifido longum. They are gram- 
positive, non-motile, non-spore forming bacilli which are largely V or 
Y shaped. They are strictly anaerobic but non-pathogenic. They are 
lactose fermenting and exclusively of faecal origin. They are found in 
larger numbers in faecal matter than either the coliforms or the faecal 
streptococci and constitute almost all the intestinal flora of breast- 
feeding infants. In surface water they will die-off quickly and hence 
their presence would be indicative of a faecal pollution which has 
occured within several hours or a few days. However, more 
investigation is necessary to establish their definite value as indicator 
organisms and to develop suitable separation and enumeration 
techniques (Agg et al, 1978; Feachem et al, 1983). 
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MATERLALS AND METHODS 
5.1 Introduction 
For experimental work three lab oratory- scale slow sand filters were 
constructed. Influent water was supplied from the Burleigh Brook 
which runs adjacent to the civil engineering laboratory. The 
experimental investigation was composed of three phases. The first 
phase was the maturation period of the filters. The second and major 
phase was the operation of the filters in constant temperature modes 
for each of five different flow rates. The last phase was examination of 
the sand beds of the filters. The experimental work will be discussed 
in detail in the next chapter. 
All the experimental and analytical work was conducted in the Public 
Health Laboratories of the Department of Civil Engineering with the 
exception of the total organic carbon (TOC) tests which were carried 
out at the Nottingham Laboratory of the National Water Authority and 
the investigation with the scanning electron microscope which is 
installed in the Department of Chemical Engineering. 
This chapter is principally concerned with the development of the 
equipment employed in the investigation. The techniques of water 
analysis are briefly refered to but all detailed information is found in 
the appendices (appendix A). 
5.2 The Slow Sand Filters 
To carry out the investigations three separate laboratory- scale slow 
sand filters were constructed (Figure 5.1, Plate 5.1). The filters were 
made of transparent plastic tube which were 150 mm in diameter and 
3010 mm height. The tubes were devided into two sections and 
flanged in the middle to make the scraping of the sand possible. The 
bottom ends of the tubes were also flanged. Three different sands of 
effective-size (ES) 0.17 mm, 0.35 mm and 0.45 mm were prepared. 
The filters were filled with a graded gravel to a depth of 300 mm 
height. The remainder of each cylinder was then filled to a height of 
1500 mm with one of the selected sands. Overflow, outlet and 
supernatant drain valves were fitted. Seven sampling taps were fitted 
to each of the filters as shown in figure 5.1. These ball valves, which 
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had internal diameter of 5 mm, were made of plastic. The overflow, 
outlet valve and drain valves were also of plastic and with an internal 
diameter of 10 mm. 
The sampling tubes controlled by taps (Figure 5.2) were inserted 40 
mm into the sand media in an attempt to reduce any possible effects 
of water short-circuiting down the walls. The top half of each sampling 
tube was removed to a length of 25 mm and this section was covered 
with 150 gm stainles steel mesh inorder to obtain samples from over a 
r. elatively larger area. The fine mesh effectively prevented the escape 
of sand during sampling. 
At the bottom of the filter column a T-Joint was inserted, (figure 5.2) 
from which either the filtrate was withdrawn or water was added for 
backfiffling after cleaning. The details of the drain valve for supernatant 
water and the overflow also are shown in figure 5.2. An 18 litre 
capacity tank was connected by this T-Joint to the effluent point of 
each filter for purposes of back filling. The filtrate delivery tube of 
each filter was connected to a separate T-joint which was held by the 
backfilling tank at 100 mm above sand level. Each of the T-Joint was 
also equipped with a valve open to the atmosphere during the normal 
operation of filters. Thus, the draining of the water below sand level 
and any possibility of negative pressure development were prevented. 
In order to develop sufficient hydrostatic head to feed the filters, four 
530 litre capacity tanks were placed on the mezzanine floor. A stirrer 
was installed in each feed tank to maintain the homogenity of the raw 
water. Since the temperature was one of the important parameters 
investigated two heaters and a controller were fitted to each feed tank. 
Two temperature probes, of which one was 200 mm above and the 
other 400 mm below the sand level, were fitted to each filter. Each of 
these probes was connected to a chart recorder which is also visible in 
plate 5.1. Raw water was delivered to each of the filters by means of a 
peristaltic pump. 
Following the maturation period, one aditional controller and heater 
was fitted to each filter in order to maintain a temperature of 25 OC. 
The filters were also insulated with aluminium foil as the first thermal 
barrier with glass wool as the second layer. The temperatures in 
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the filters were continously monitored during the temperature 
controlled filter runs and were maintained within ± 0.5 'C of that 
required. 
To maintain constant temperatures lower than 20 OC it was necessary 
to cool the water supplied to the filters as the laboratory's ambient 
temperature was usually over 22 OC. Hence, during the 15 OC period 
the delivery tubes extended to a 10 m length and were run through a 
chest freezer before reaching the filters. During the 5 OC period, it was 
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Plastic Boss 
Outlet Detail 
Supernatant Water 
Drain Detail 
Temperature Detail 
5.2 Some of the details of the filters 
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necessary to extend the delivery tubes to a 25 m length, and to employ 
two freezers in series. 
For the rest of the connections and piping clear plastic tube with an 
internal diameter of 10 mm was employed. 
5.3 Filter Media 
Initially the sand obtained was scraped sand from the Nanpantan water 
works. After this sand had been washed and dried, several sieve 
analyses and gradings were carried out in an attempt to develop three 
different sands with effective sizes of 0.25 mm, 0.35 mm, 0.45 mm. 
Eventually it was decided that the preparation of these sands from 
Nanpantan sand by sieving would be too difficult. Thus, it was decided 
to purchase prepared sand. Three different sands, which were 
claimed to be of ES 0.25 mm, 0.35 mm and 0.45 mm, were purchased 
from the Chelford Sand Company. However, on investigation it was 
discovered that the real gradings of the three sands were ES 0.09 
mm, 0.10 mm and 0.17 mm. Therefore it was decided to employ the 
coarsest Chelford sand for the finest filter. For the medium sand size 
filter the Nanpantan sand was employed. The coarsest sand required 
was obtained by blending the Chelford and Nanpantan sands with some 
from Leighton Buzzard. Consequently the effective size for the sand of 
the finest filter was 0.17 mm, 0.35 mm for the medium filter and 0.45 
mm for the coarsest filter. The uniformity coefficents of these sand 
were 1.4 for the finest, 1.4 for medium and 1.8 for the coarsest filter. 
Reserve supplies of the sands were stored so that the sand skimmed 
off from the bed during the cleaning, could be replaced with sand of 
identical characteristics. 
The final sieve analysis results of the three sands are shown in figures 
5.3,5.4,5.5. Sieve sizes of 600 ýtm, 425 ýtm, 300 ýtm, 212 ýtm and 
150 gm were employed together with a mechanical shaker (plate 5.2). 
Identical washed gravel beds (Table 5.1) were placed in each of the 
filters. 
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Table 5.1 Gravel depth and size placed in the filters 
Sieve size (gravel 
retained) 
Gravel depth 
0.60 mm 20 mm 
1.18 mm 30 mm 
3.35 mm 40 mm 
5.00 mm 60 mm 
20 0 mm 70 mm 
_37.0 
mm 80 mm 
OL 
ix 
ý Plate 5.2 Seives and mechanical shaker 
5.4 Raw Water 
Raw water for the filters was supplied from the stream which flows 
near to the civil engineering laboratories. This stream is the Burleigh 
Brook which carries water from its catchment area of the Burleigh 
woods and the surrounding farms and then flows down to the Grand 
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Union Canal near Derby Road in the outskirts of Loughborough town 
(figure 5.6). 
The quality of the Burleigh Brook was investigated throughly. It was 
found that during the dry periods, the Brook water was of a relatively 
good quality. However, its turbidity, bacteria concentration and 
especially the suspended matter contents were not constant. 
Following rainfall the concentration of the suspended solid increased 
considerably. As a result the filters would clog-up quickly. Inorder to 
reduce the large variations of turbidity and suspended solids a 
horizontal filter (plate 5.3) was employed prior to the slow sand filters. 
Raw water from the brook was initially supplied to a stirred tank and 
then to the horizontal filter: the filtrate of which was then delivered to 
the feed tank of the slow sand filters. Not infrequently the count of 
bacteria in the brook water was too low for the purposes of the 
investigation and even this low level declined further on storage. To 
overcome this problem and to provide a more or less constant 
bacterial load to the filters some settled sewage, obtained from the 
Loughborough sewage works was added either to the tank feeding the 
horizontal filter or to the feed tank of the slow sand filters. 
5.5 Operation Of The Filters 
The filters were in operation continously from the beginning of June 
1990 until the end of march 1992. The continous operation was 
carried out without any break except for cleaning, or repairing or 
similar reasons. These breaks were as short as possible to avoid any 
possible decline in the efficiency of the filters. Usually filters were only 
out of operation for a few hours for cleaning. Occasionally it was 
necessary to prolong the break for as long as one or even two days. 
However, on these rare occasions the water level was maintained 
consistently above the sand surface. Further details of the operation of 
the filters will be given in chapter six under the topic of experimental 
work. 
The filters were initially filled from the bottom with clean mains water 
until the water level reached a sufficient level to prevent the 
possibility of scour when the feed water was again added from the top. 
The back filling of the filters was performed initially and after each 
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FiLfure 5.6 Location and catchment area of Burleigh Brook 
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IPlate 5.3 Horizontal filter employed 
cleaning, to ensure that all air bubbles, trapped in the bed, were 
evacuated before filtration commenced. 
The first of the three phases of the research, that of the maturation 
period, was conducted during the three months starting from the 
beginning of 1990. During this period the temperature was not 
controlled and the flow rate was 0.1 m 3/M2 /h (m/h). During the major 
part of the research the filters were operated at three different 
temperatures (25 OC 15 OC ,5 
OC). The 25 OC period started at the 
begining of September 1990 and was completed by the middle of 
March 1991. The 15 oC period took place between the middle of 
March 1991 and end of the September 1991. Finally the 5 OC period 
was conducted between the beginning of October 1991 and the end of 
February 1992. 
During each of the temperature periods 0.1,0.2,0.3,0.4 and 0.5 
M3 /M 2/h (m/h) were employed. For each flow rate the filters were 
operated for not less than a month. The filtration rate was controlled 
by adjusting the outlet valve. The flow rates through the sand bed were 
checked daily and adjusted when required. A water head of 1.5 m was 
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maintained and guarantied by regulating the raw water inflow to be 
slightly higher than that of the rate of filtration so that a small overflow 
took place continuously. 
5.6 Cleaning Of The Filters 
A filter was regarded as being clogged and ready to be cleaned as it 
became impossible to maintain the required filtration rate with the 
outlet valve fully opened and 1.5 m head of water available above the 
sand. The water inflow was then cut off and the supernatant water was 
drained from the drainage valve just above the sand level. 
After supernatant water had been drained, the upper part of the filter 
column was unbolted and removed. Then, using a small scoop, the top 
layer of humus and sand called the schmutzdecke or dirt layer was 
removed. 
The removed sand from the media was then replaced with some sand 
from the supply of graded reserve. The top section of the column was 
reconnected and the filter was refilled from the bottom, using mains 
water, until the water level was about 300 mm above the sand media. 
The backfilling tank was filled with mains water when the valves A, B, 
C, D, E, shown in figure 5.1, were fully closed. Valve D and B were 
opened to fill the connecting tube and valve B closed afterwards. For 
the backfilling operation valve A was opened slightly in order to 
prevent fluidisation of the sand bed. The raw water inflow then was 
allowed to fill the filter. After a head of 1.5 m was achieved the valves 
E and C were than fully opened and the valves D and B were closed. 
Finally the filter was re-started by adjusting the flow rate from the 
outlet valve A at the required filtration rate. 
5.7 SampUng 
The performance of the filters were observed by routine analyses of 
the influent and of the filtrate and by the analyses of samples taken 
from various depths. More details about the sampling frequency will be 
given in the next chapter. For the bacteriological analysis sterilised 
autoclavable 500 ml plastic bottles were used, for TOC samples a litre 
capacity disposable plastic bottles, for dissolved oxygen BOD bottles 
and for other samples 2 litre plastic bottles were used. 
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Influent samples were taken from the three raw water delivery pipes 
but filtrate samples were taken in a different bottles for each filter. 
When samples were being taken from various depths of the filter 
column extra care was taken so as not to effect the flow rate through 
the filter bed. Hence these samples were taken one at a time and very 
slowly. 
Several dissolved oxygen analyses of the water, just before and just 
after the sand media were also carried out. Special attention was given 
when sampling not to bring the water sample in to contact with air. To 
ensure this about 5 mm oil (toluene) was placed at the bottom of the 
BOD bottles employed and a siphon was used of a glass tube, 1.5 m 
long and 5 mm internal diameter, jointed with a plastic tube about 2 
m long. The plastic tube was initially filled with water and then 
clipped. Then the glass part of the siphon was lowered into the filter 
column to a level just above the media. The clip was then released and 
the siphon started. A sufficient amount of water was allowed to drain 
from the siphon before the sample was taken. The sample was taken 
by placing the tube under the oil in the bottle. The bottle was then 
slowly filled and after all the oil had overflowed from the bottle the 
tube was removed and the bottle stoppered. 
For the DO samples taken after the sand media a series of tubes, 
gradually narrowing in size from 10 mm internal diameter to 3 mm 
internal diameter, were used. The tubes were connected to the 
sampling valves at the gravel level and allowed to fill gradually without 
any air bubles trapped. Sufficient water was again allowed to flow to 
waste before the sample was collected. 
When the samples were taken from the sand media level sterilised 
silicon tubing for bacteriological samples and clean plastic tubing for 
the other samples were employed. 
All samples for analysis were taken on the same day within a limited 
period. No allowance was made for the time of flow between the 
various sample points. 
I 
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5.8 Turbidity 
The turbidity measuremants of all the samples were carried out using 
a Hach Camlab turbidimeter model 16800, (plate 5.4) working on the 
nephelometric principle. Samples which had turbidities over 100 
NTU were diluted with high quality water to bring them into the 
equipment range. 
5.9 Suspended Solids 
Suspended solids analyses were conducted using 70 mm diameter 
whatman GF/C glass microfibre filters together with a Hartley Funnel. 
5.10 Total Coliform and Faecal Coliform 
Total coliform. and faecal coliform. tests were carried out by using the 
membrane filtration technique. The set-up is shown in plate 5.5. 
Millipore membrane filters which had a diameter of 47 mm and a pore 
size 0.45 ýtm were employed. For counting the colonies of all 
bacteriological tests a Gallenkamp colony counter (Plate 5.6) was used. 
5.11 Ammonia and Nitrogen 
Ammonia and nitrogen tests were conducted initially by using 
Kj eldahl- Nitrogen equipment. However, as the concentrations of 
ammonia and nitrogen were very low, samples were at or very close to 
the end point even before starting the titrations. Hence, after several 
trials with the Kj eldahl -Nitrogen equipment the more sensitive 
Palintest technique was employed instead. The Palintest 5000 
photometer, ammonia and nitratest reagents are shown in plate 5.7. 
5.12 Other Equipments Employed 
pH measuremants were conducted with an electronic pH stick (Plate 
5.7) coupled with a combination electrode that had built in automatic 
temperature compensation. Calibration of the pH stick was performed 
using pH=7 stock solution before all tests. The pH reading was taken 
by inserting the pH stick in the sample and allowing some time until a 
constant value was displayed. 
Conductivity measurements were performed using a Kent conductivity 
bridge, EIL 5013 which is shown in plate 5.7. 
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Plate 5.5 The setup employed for bacteriological and suspended solid 
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Plate 5.6 Colonv counter 
Plate 5.7 The palintest kit, pH stick, Kent conductivimeter and 
Lovibond comparator with light box are visible. 
91 
Colour measurements were undertaken by employing Hazen disks and 
a lovibond 2000 comparator fitted on a lovibond light box (plate 5.7). 
Suspended solids in the samples were not removed prior to the colour 
measurements so that the colour measured was the apparent colour. 
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EXPERIMENTAL WORK 
6.1 Introduction 
The experimental work was carried out with the intention of 
establishing a relationship between the main operational parameters 
and the filtrate water quality, based on experimental data. The 
variables involved and the plan of the experimental work are included 
in this chapter. 
The effect of the parameters such as temperature, filtration rate, sand 
effective size, sand depth and the influent quality on the filtrate quality 
was investigated employing three laboratory scale model filters. The 
performance of the filters under different flow rate and temperature 
conditions was observed by means of analysing the influent water 
quality and filtrate quality at various sand bed depths. 
Influent and filtrate water samples were analysed in order to 
determine the quality in terms of physical, chemical and 
bacteriological parameters. Turbidity, suspended solid, total coliform 
and faecal coliform analyses were principally employed to assess the 
quality but colour, pH, dissolved oxygen, combined nitrogen and total 
organic carbon (TOC) analysis were also carried out regularly. 
In this chapter the variables involved, sampling points, frequency of 
sampling, the plan of the experimental work and the difficulties that 
were encountered during the investigation are'discussed 
6.2 Variables Involved 
The variables involved in this research were temperature, flow rate, 
sand media properties (i. e. sand depth and sand effective size), and 
influent quality. The sand effective size was effectively constant all 
through the investigation, since the three sands with three different 
effective sizes, were prepared for the three individual filters at the 
beginning of the research. The sampling of filtrates was carried out 
throughout the investigation for each filter from certain fixed sand 
depths, as it will be discussed later in this chapter. 
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The filtrate quality was dependent upon all of the other variables. The 
influent water could not be maintained at any certain quality as it was 
abstracted from a local stream (the Burleigh Brook) but by means of 
adding settled sewage to the abstracted water an attempt was made to 
hold the bacterial level more or less constant at about 4000 total 
coliform/100 ml. In order to reduce the variability of other quality 
parameters of the inflow water a horizontal filter was employed. This 
was discussed in the previous chapter. 
The remaining two wariables i. e. temperature and filtration rate, were 
utilised as the direct control parameters. The temperature was kept 
constant for a period of one complete run during which the filtration 
rate was changed in a sequence of 0.1,0.2,0.3,0.4 and 0.5 m/h. 
6.2.1 Temperature 
The investigation was carried out at three different temperatures to 
represent three different climatic conditions. These temperatures 
were 25 OC, 15 'C and 5 OC. It was necessary to warm the filters for the 
25 'C period whereas the filters needed to be cooled during both 15 
'C and 5 OC periods. The effect of the temperature variation was 
assessed on all of the quality parameters mentioned above. 
6.2.2 FUtration Rate 
Five filtration rates were investigated at each of the three 
temperatures employed. These rates were 0.1,0.2,0.3,0.4 and 0.5 
m/h. The minimum period of investigation at any particular flow rate 
was at least one month. At the beginning of the whole investigation, 
during the filter maturation period, the flow rate had been held at 0.1 
m/h for 2 months. 
6.2.3 Sand Media Properties 
Three different sand media were employed during the investigation. 
The ES of the sand for the finest filter, filter A, was 0.17 mm, 0.35 
mm for the medium filter and for the coarsest filter, filter C, 0.45 mm. 
Some reserve supplies of the three sands were held. Uniformity 
coefficients for these sands were 1.4 for the finest and medium and 
1.8 for the coarsest filters. The influence of sand media depth was 
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investigated by taking water samples from 100 mm, 200 mm, 400 
mm, 600 mm and 1200 mm depths below the sand surface. 
6.2.4 Wluent Quality 
The influent water quality was regarded as being one of the main 
parameters that had significant effect on the efficiency of the filtration 
process. Influent water quality tests were therefore carried out in 
parallel with the filtrate analyses. Details of the influent water quality 
are given in table 6.1. 
Table 6.1 Analysis of the influent data 
Number Majdmum 
of obser- Minimum Standard Correlation Coefficients 
Parameter vation Mean Deviation Total Faecal Tur- Suspended 
Median coliform coliform bidity solid 
Total 40500 
coliform 10 
WFU / 190 4605 6087 1.00 0.79 0.28 0.35 
100 ml) 2635 
lFraecal 12750 
colfform 10 
(CFU / 190 1143 1600 0.79 1.00 0.35 0.41 
100 ml) 582 
37 
Turbidity 0.7 
(NTU) 190 6.1 6.9 0.28 0.35 1.00 0.91 
3.5 
31.8 
Suspended 0.9 
solid 190 6.3 5.4 0.35 0.41 0.91 1.00 
(mg1l) 4.4 
9 1 1 
190 separate samples of influent water were tested during the 
investigation. The maximum total coliform bacteria colony forming 
unit (CFU)/100 ml was 40500 with the minimum being only 10 
CFU/100 ml. The mean value was 4605 CFU/100 ml whereas the 
maximum faecal coliform bacteria count was 12750 CFU/100 ml, with 
a minimum of 10 CFU/100 ml and a mean value of 1143 CFU/100 ml. 
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There was a significant correlation between the total coliform bacteria 
and faecal coliform bacteria concentration and correlation coefficient 
was 0.79 (table 6.1). 
The suspended solids concentration ranged from the minimum level 
of 0.9 mg/I up to the maximum level of 31.8 mg/l with an average 
concentration of 6.3 mg/l. The turbidity of the influent water changed 
from 0.7 NTU to 37 NTU and had a mean value of 6.1 NTU. A 
significant correlation between the two parameters, suspended solid 
and turbidity was also observed with a correlation coefficient of 0.91 
(table 6.1). 
6.3 Sampling Points and Frequency 
Water samples for analysis were taken from the inflow and the six 
sampling points down the length of each filter (indicated S1 to S6 in 
figure 6.1). Inflow samples were taken from the feed-water pipe 
immediately above the filters. During the maturation period filtered 
water samples were only taken from sampling points Sl and S6. 
Following the maturation period filtered water samples were also 
taken from each of the sampling points S3, S4 and S5 for faecal 
coliform and total coliform analysis on at least three occasions for each 
flow rate. Of these sampling points, S3 was 200 mm, S4 400 mm and 
S5 600 mm below the top of sand level (figure 6.1). 
6.4 Carrying Through The Investigation 
Following the completion of the originally scheduled work, analysis of 
the sand samples from the three filters was also carried Out. Details of 
these analyses will be discussed in chapter nine under the topic of 
examination of the sand media. 
The investigational work took longer than had been originally 
scheduled (table 6.1) as a result of problems encountered with the 
equipment. The filters were in operation for a total period of 650 days. 
During this period of operation the finest filter (filter A) was cleaned 
69 times, the medium filter (filter B) was cleaned 22 times and the 
coarsest filter (filter Q was cleaned 19 times. 
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Table 6.2 Schedule of the investigation 
Period of Filtration rate Length of run 
filter run m/h month 
Maturation 0.1 2 
0.1 1 
0.2 1 
25 OC 0.3 1 
0.4 1 
0.5 1 
0.1 1 
0.2 1 
15 OC 0.3 1 
0.4 1 
0.5 1 
0.1 1 
0.2 1 
5 OC 0.3 1 
0.4 1 
0.5 1 
The minimum length of run between any two consecutive cleanings for 
any filter was 2 days. The maximum run lengths were 34,83 and 96 
days for the filters A, B and C respectively. The average length of run 
was 8 days for filter A, 28 days for filter B and 33 days for filter C 
(figure 6.2). 
6.3.1 Maturation Period 
The maturation period lasted for 79 days during which the filters 
operated at 0.1 m/h. During this period the maximum run length 
between any two cleanings was 21 days for filter A, 27 days for filter B 
and 39 days for filter C. The minimum run lengths were 2,13 and 17 
days with average lengths of 9,25 and 35 days for filter A, filter B and 
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filter C respectively (figure 6-2). The run lengths for all filters are 
shown in figure 6.3. 
6.3.2 Investigation At 25*C 
This investigation lasted 192 days and took place immediately 
following the maturation period. The filtration rates employed during 
this period were in sequence 0.2,0.1,0.3,0.4 and 0.5 m/h. In order 
to maintain a constant temperature of 25 'C, the feed tank had to be 
heated. The filters were also heated and insulated. 
Maximum, average and minimum run lengths between any two 
cleanings were 13 days, 6 days and 2 days for filter A; 50 days, 25 days 
and 7 days for filter B and 64 days, 35 days and 13 days for filter C 
(figure 6.2). Further details are presented in figure 6.4. 
6.3.3 Investigation At 15 *C 
The investigation at 15 'C took place immediately after the 25 OC 
investigation and lasted for a period of 193 days. The filtration rates 
used were in sequence, 0.1,0.2,0.3,0.4 and 0.5 m/h. Since the 
ambient temperature of the laboratory was consistently higher than 
that of the investigation the whole system had to be continually cooled 
to maintain the desired operational temperature of 15 'C. 
The minimum run length during this period was two days for all the 
filters. The maximum length of run, however, was 34 days for filter A, 
83 days for filter B and 96 days for filter C while the average run 
lengths were 10 days, 38 days and 50 days for filters A, B and C 
respectively (figure 6.2). Details of filtration rates, number of cleanings 
and length of runs between consecutive cleanings are given in figure 
6.5. 
6.3.4 Investigation At 5 'C 
This was the last temperature to be investigated. The length of this 
period was 160 days. Flow rates of 0.1,0.2,0.3,0.4 and 0.5 m/h were 
employed (figure 6.6). 
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During the 5 'C investigation the ma. )dmum length of run was 29 days 
for filter A, 60 days for filter B and 63 days for filter C. Average run 
lengths were 9 days, 25 days, 23 days for filters A, B and C 
respectively. Minimum run lengths were 3 days for filter A and 5 days 
for both filters B and C (figure 6.2). 
6.4 Problems Encountered 
The problems encounterd during the experimental work were mainly 
concerned with maintaining the temperature at the required level and 
the variability of influent water quality. Some problems with the pumps 
and with deep clogging of the filter beds also arose. 
Maintaining the temperature at 25 'C was initially attempted by 
heating only the water in the feed tank but this was found to be 
inadequate. Therefore an aquarium heater and controller were also 
fitted to each filter. The heater was placed in the supernatant water 
350 mm above the sand level and the controller was fixed on the 
outside filter wall at about the middle of the upper section of the filter 
column. The heater had a capability of controlling the temperature 
within an error of ± 0.5 OC. In addition the whole filter column was 
insulated. 
The cooling of the filters to 15 OC and 5 OC was achieved employing 
chest freezers. No controllers were incorporated. The freezers were 
running continually and the temperature was adjusted by regulating 
the water flow through the freezers. Sudden changes of external 
temperature gave rise to difficulties in maintaining the constant 
temperature level. These difficulties were overcame by frequent 
checking of the temperature in the filters and by adjusting the flow 
through the freezers as required. 
The influent water was pumped up from the Burleigh Brook and only 
about half of the delivery pipe from the Brook to the laboratory was 
buried in the ground. As a result quite severe problems with freezing 
were encountered, on occasion, during the winter months. Finally it 
became necessary to empty completely the delivery pipe after use. 
Occasionally the tubes of the peristaltic pumps would split and as a 
result the filters could be left without influent water overnight. As a 
106 
preventive measure the tubes on the peristaltic pumps were greased 
and changed every 15 days. 
On at least two occasions following filter cleaning it was found not to 
be possible to achieve the required flowrate through a filter. On these 
occasions deep cleaning of the sand was employed with about a 150 
mm depth of sand being removed, washed and replaced. This occured 
with filter A during the investigation period 25 OC at the flow rate of 
0.5 m/h and it also occured with filters A, B and C during the 
investigation period at 5 OC and at 0.5 m/h. 
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INTRODUCTION TO THE ANALYSIS OF THE EXPERIMENTAL DATA 
7.1 Introduction 
The experimental data 
MINITAB which is a 
statistical background 
The majority of the 
chapter was culled fro 
and Coates (1991) and 
was analysed using a computer package called 
general statistical package. Some standard 
information is briefly included in this chapter. 
theoretically development discussed in the 
m two particular sources Anderson et al (1990) 
there is no suggestion of it being original work. 
7.2 Exploratory Data Analysis 
As an exploratory data analysis a five number summary of the data is 
suggested. The five numbers are: 
smallest, 
first quartile 
median, 
third quartile (Q). 
largest value. 
Using these five numbers a graphical summary of data, is produced. 
This is called a boxplot. 
7.2.1 Quardles 
When the data is divided into four parts in such a way that each part 
contains approximately one-fourth (or 25 %) of the data items the 
division points are called quartiles and referred to as: 
(Q) : First quartile or 25 th percentile. 
(Q2) : Second quartile or 50 th percentile or median. 
Third quartile or 75 th percentile. 
The calculation of the quartiles is accomplished as follows: 
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The data values are arranged in ascending order and then 11 i" is 
computed using the equation below: 
i=[ P 
]n 
100 
where: 
p: Percentiles (25 for Q1,50 for Q2 and 75 for Q3 ) 
n: Number of the data items. 
If "i" is not an integer, it is rounded up to the next integer number 
greater than "i", then "i" denotes the position of the p th percentile. 
If "i" is an integer number, the p th percentile is then the average of 
the data items which are in positions ti i" and "i + 1". 
7.2.2 Box Plot 
The box plot is a recent development in graphical summaries of data. 
A box plot is produced by using the median and the quartiles, Q, and 
Q3 The interquartile range (IQR = Q3 - Q) is also used. Figure 7.1 
shows the box plot. 
first quartile 
outer fence 
Inner fence 
median 
k 
1.5(IQR) 
3(IQR) 
IQR 
Figure 7.1 main features of box plot. 
third quartile 
inner fence 
1 . 5(IQR) 
outer fence 
3(IQR) 
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The steps to be followed for producing a box plot are given below: 
l- A box is drawn so that the ends of the box are located at the first 
and third quartiles of the data. 
2- A vertical line is drawn in the box at the location of the median so 
that the median line divides the data into two equal parts. 
3- Using the interquartile range IQR = Q3 - Q1 jences are located. The 
inner fences are located at 1.5 (IQR) below Q, and above Q3. The outer 
fences are located at 3(IQR) below Q, and above Q3. These fences are 
important in identifying outliers. Data items falling between the inner 
and outer fences are considered to be possible outliers. Data items 
falling outside the outer fences are considered to be extreme outliers. 
4- The lines in figure 7.1 are called whiskers. The whiskers are drawn 
from the ends of box to the smallest and largest data values inside the 
inner fences. 
7.3 Experimental Statistics and Some Concepts 
Experimental statistics (or inferential statistics) consist of numerous 
techniques for making sensible statements about the whole of a 
population based on a representative sample of that population. 
A population is the complete set of individuals or objects of interest. A 
sample is a subset of the population from which information is derived. 
In general samples are used when the measurement of all the 
members of the population are impractical. 
A parameter is a numerical summary of a population calculated using 
all of the members of the population. An estimate is a numerical 
summary of a sample which will be close to the relevant parameter of 
the population. 
7.4 Correlation 
In order to determine the strength of the linear relationship between 
two variables, a statistical technique called correlation analysis can be 
used. The strength of the linear relationship is measured by r, the 
correlation coefficient. The correlation coefficient, r, can take values 
III 
between -I and +1 and is independent of the units of measurement. If 
r is close to 1 (+ or -) there is a strong linear relationship between the 
two variables. If r is close to zero then there is no linear relationship 
between the two variables. Care should be taken, however, with the 
problems associated with correlation analysis which are pointed out 
below. 
Correlation only measures the strength of a relationship, it does not 
give information about causality. Also, since correlation measures only 
linear relationship, a plot of the data should always be checked to 
make sure the relationship is linear. Correlation coefficients are 
greatly affected by extreme values and outliers. 
The first step in studying the relationship between two variables is to 
plot the data and look at the pattern at the plot of the data. Some plots 
as examples are given in figure 7.2. 
The idea behind correlation, measuring the strength of the linear 
relationship, can be generalised to more than two variables 
(Mendenhall et al, 1989). 
7.5 Simple Regression 
The aim of regression analysis is to model the relationship between 
two (or more) variables assuming that one of the variables depends 
upon the other(s). This is known as causality. 
In the case of one independent (explanatory) variable and one 
dependent variable, a relationship modelled by a straight line, is called 
simple linear regression (the relationship is modelled by the equation 
7.1). 
Y=A+BX+E 7.1 
In the regression model A is the intercept (the value when X is zero), 
B is the slope and they are referred to as the parameters of the model. 
In model 7.1 the population values X and Y are related in such a way 
that the line given by A+BX gives the estimated or modelled Y value at 
each X. However to obtain the observed value of Y, the error term 
(residual) also needs to be considered. The error value, E, is an 
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relationship 
Non-linear relationship 
Do, 
Relationship destroyed by an 
outlier 
7.2 Some of the possible trends of the data 
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Perfect linear positive Perfect linear negative 
No relationship 
relationship 
Relationship created by an 
outlier 
expression that shows how far the actual Y value is above or below the 
line given by the equation A+BX. 
Using the least squares technique, the values of A and B are calculated 
to make the sum of squared errors (I E2 ) as small as possible. The 
estimated relationship using samples values x and y can be used to 
predict the likely value of Y for a given value of X (figure 7.3). if the 
value of x is within the range of values used to estimate the regression 
equation (interpolation), then the predicted value of y is likely to be 
reasonable. However, if the value of x is outside the range of values 
used to estimate the regression equation (extrapolation), then the 
predicted value of y may not be reasonable. In either case the 
predicted value of y is only a good guess because x and y are not 
perfectly related. 
Population 
xy 
Population Regression Equation 
parameters --so 
A and B Y=A+ BX 
Sample of n pairs 
of observation 
Sample data 
Estimated 
xy 
Least square estimates lo- 
regression equation 
xy of A and B: a, by=a+bx 
.xy 
nn 
Figure 7.3 Estimating the population regression equation using sample 
data. I 
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Simple linear regression assumes that a straight line represented by 
A+BX is the basis for the relationship between the variables. This 
assumption may not be true. Hence, before the conclusion is made that 
the regression line is appropriate, three points need to be checked. 
The first is the R-squared (r 2) statistic. For a good model R-squared 
(r 2) is expected to be high. The second is the residuals pattern. For a 
good model the plot of the residuals against the independent variable 
will not show a structure. The third check is a test for significance to 
see if the dependent variable really depends on the explanatory 
variable. This is carried out using the ideas of hypothesis testing. 
7.5.1 The Coefficient of Determination (? ) 
The coefficient of determination is helpful in the interpretation of a 
regression analysis. It measures the proportion of the variability in the 
dependent variable that is due to changes in the explanatory 
variable(s). In other words, it is a measure of how well the regression 
line fits, r2=1.00 or r2 =100 % means a perfect fit. In the case of 
simple linear regression, the coefficient of determination is simply the 
square of the correlation coefficient. However, if there is more than 
one explanatory variable then the calculation of the coefficient of 
determination is different. 
7.5.2 Residual Analysis 
If there is an obvious pattern in the residuals then this indicates that 
the variables are not linearly related and hence that the model is not 
appropriate. An example plot of residuals for such a case is given in 
figure 7.4. Alternatively the variation in the residuals may depend on 
the size of the predicted value with the residuals becoming more 
spread out as the predicted value increases (figure 7.5). Also an 
unusual value may be difficult to see by looking at the plot of the data 
but it is often easy to spot when considering the residuals (figure 7.6). 
1 15 
7.4 Plot of residuals showing nonlinear relationshi 
IFigure 7.5 Plot of residuals showing non-constant variance 
7.5.3 Testing For Significance 
It was mentioned earlier that the coefficient of determination (P) 
could be used to measure the goodness of the fit of the estimated 
regression line. The larger the value of P the better is the fit but 
P 
does not provide information about the statistical significance of the 
relationship. Sample size is one of the important factors in 
determining significance; for example, a regression relationship 
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involving 20 sample points would be more statistically significant than 
one involving 5 sample points for the same P value. Statistical 
significance of a regression relationship is tested by the F-test, and the 
t-test. 
7.6 Plot of residuals showing an outlier 
7.5.4 F-Test 
As the regression equation is assumed to be Y=A+BX, then if the 
relation between X and Y really is of this form then B could not be 
zero. Therefore the significance of the relationship can be tested using 
the following hypotheses. 
HO: B=O 
H: B#O 
a 
and the value of the test statistic, F, Is given by equation 7.2. 
T? a 
I, gression Sum of Squares 
F Degrees of 
Freedom 
Residuals Sum of Squares 
Degrees of Freedom 7.2 
For any sample size, a larger numerator means more of the variability 
is explained in the regression model whereas a smaller numerator 
means that less variability is explained. Similarly, a larger denominator 
means that there is more variability about the estimated regression 
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line but a smaller denominator means that the variability about the 
estimated regression line is less. Therefore, large F values lead to the 
conclusion that B#O and there is a statistically significant relationship 
between X and Y. 
The calculated F value of the regression equation is compared with the 
critical value of F which is arranged in tables for different significance 
levels and for different numerator and denominator degrees of 
freedom. When the calculated F value is greater than the critical F 
value then HO: B=O (null hypothesis) can be rejected and the 
conclusion can be made that there is a statistically significant 
relationship between X and Y. The conclusion then can be drawn that 
X and Y are related and a linear relationship explains a significant 
amount of the variability. 
7.5.5 t Test 
The t test is also used in testing the null hypothesis (HO: B=O). The t 
test and the F test give the same result for a regression model which 
has only one independent variable. However, only the F test can be 
used to test for a statistically significant relationship between a 
dependent variable and a set of independent variables. The t test is 
then used to check if the coefficient of a particular independent 
variable is zero. The t test is based on the properties of b which is the 
least squares estimate of B. 
The t test is carried out in a similar way to the F test for a simple 
regression model with only one independent variable. The hypotheses 
are: 
HO: B=O 
Ha: B; &O 
The null hypothesis, HO: B=O, is rejected if 
b/ Sb `- - tc, /2 or b/Sb ý' toc/2 
where b: Least square estimate B 
(x: level of significance 
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Sb 2: Estimated variance of b 
S2 
1 
Xi 
7.3 
and t, /2 is the appropriate value from table of the t-distribution 
7.6 Outliers and Influential Observations 
In regression analysis, outliers are the observations which do not fit 
the trend. The outliers may be erroneous data or may indicate a 
violation of model assumptions. The outliers might also be unusual 
values that have happened by chance (figure 7.7). 
In regression analysis some times one or more observations have a 
strong influence on the result obtained. An example of an influential 
observation is shown in figure 7.8. 
Influential observations can be omited from the analysis in cases where 
the observations have an effect such that the conclusion or the 
relationship do not reflect the majority of the data points as shown in 
figure 7.8 and pointed out below. (Coates, 1992; Chatfield, 1988). 
x ; 00000 
XXK 
xxxx 
xx 
xxx Outlier 
XXx peo, 
x xx 
IFigure 7.7 A plot of data which have an outlier 
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x 
xx 
Influential 
observattion 
xx 000 
x 
7.8 A plot of data which have an influential observation 
In figure 7.8 the estimated regression line has a negative slope but if 
the influential observation is removed from the data then the slope 
would change from negative to positive, and the intercept would be 
smaller. Therefore, influential observations need to be examined 
carefully. It is necessary to check first to make sure that no error has 
occurred in collecting or recording the data. However, if the 
influential observation is a valid one then it would be sensible to obtain 
data on intermediate values of X to understand better the relationship 
between X and Y. 
An influential observation may be an outlier which is an observation 
with ay value that deviates substantially from the trend; or it may be 
an x value far away from its mean; or it might be due to both an off 
trend y and an extreme x value. Observations with extreme values for 
the independent variables are called high leverage points. The 
influential observation in figure 7.8 is due to an extreme value of x, so 
it is a point which has high leverage. Many computer packages 
(including MINITAB) automatically identify influential observations and 
outliers. 
7.7 Transformations 
A plot of the residuals may sometimes reveal the fact that the variance 
of y is not constant (figure 7.5). If the variance of y is not constant then 
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tests for statistical significance will not be valid and the model can be 
improved. 
Residual plots of the type shown in figure 7.5 are not uncommon 
because the variance of y often depends on the mean value of y. 
Variables that represent counts per unit of area or volume are 
particular cases in point. In this case transforming the values of 
dependent variable by square rooting them will make the variance 
approximately constant and hence improve the model (Mendenhall et 
al, 1989). 
7.8 Multiple Regression 
Y=A+Bl XI +B2 X2 +B3 X3 . ......... +Bp Xp +E 7.4 
The relationship 7.4 is a multiple regression model. If B2, B3 ...... Bp =0, 
then X2, X3 ...... Xp are not related to Y. Hence the multiple regression 
models include one independent variable model (simple regression). 
In multiple regression analysis the least squares method is used to 
calculate estimates of the parameters A, B1, B2, B3,...., Bp, These 
estimates are named a, bl, b29 b3 ..... bp and the corresponding 
estimated regression model is shown equation 7.5. 
y=a+b, x, +b2 X2 +b3 X3 .......... +bp xp 7.5 
In simple linear regression b, is interpreted as the amount of change 
in y for a one unit change in the independent variable, x. In multiple 
regression analysis however, each regression coefficient is interpreted 
as follows: bi represents the change in y corresponding to a one unit 
change in xi when all other explanatory variables are held constant. 
7.9 Indicator variables 
Independent variables can be categories and can be included in a 
regression model by means of employing indicator variables. Indicator 
variables can only have two values, usually 0 (meaning 'no') or 1 
(meaning 'yes'). If there are more than two values of a categorical 
variable, then more than one indicator variable will be needed. For 
example, if a categorical variable can take the values 'small'. 'medium', 
and 'large', then two indicator variables are necessary: 
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Indicator variable 1 (11) 1= small, O= not small 
Indicator variable 2 U2) 1= medium, O= not medium 
a third indicator variable is not needed because if the category is not 
small and not medium then it is necessarily large. 
7.10 Model Building 
Multiple regression analysis is easy to carry out using a computer 
package such as MINITAB. However, care should be taken to avoid 
misleading results by means of plotting the data, using the background 
information, considering about the analysis and whether or not the 
results are sensible. The following are some of the important aspects 
of regression modelling. 
7.10.1 Subset Selection In Regression 
One of the important problems with multiple regression is that of 
choosing the best set of independent variables. There can be a large 
number of independent variables observed in an experimental study. 
In such circumstances, choosing the best set of independent variables 
may depend as much on the use of background knowledge of the 
problem as on the use of sophisticated statistical techniques. 
The most common methods of choosing the best set of independent 
variables are briefly included below. 
7.10.2 Comparing Subsets-The Partial F-Test 
When the parameters of a model form a subset of another model then 
the subset model is called the nested model and the principal model 
is called the full model. In general it is true that r2 will increase as 
more independent variables are added to the regression model. 
However, adding more variables need not significantly increase the 
coefficient of determination nor will excluding some independent 
variable necessarily decrease it significantly. In order to assess the 
significance of adding or excluding independent variables the partial 
F-test is used. 
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Suppose the full model includes ki parameters (including the constant 
if appropriate) and the nested model contains k2 parameters, where 
the k2 parameters are a subset of the kj parameters in the full model. 
if the residual sum of squares are designated RSS (kj) and RSS (k2) 
respectively and if the extra parameters in the full model are not 
necessary, then the ratio given by the equation 7.6 has an F 
distribution with (kl-k2) and (n-kj) degrees of freedom. 
F= 
RSS (k2) - RSS (k 
(ki - k2) 
RSS (k 1) 
(n - kl) 
7.10.3 Forward Selection 
7.6 
Historically the standard approach to building a regression model has 
been the progressive approach of plotting and/or correlating the 
dependent variable against the independent variables one at a time, 
then selecting one variable on some basis, fitting it and repeating the 
process using the residuals. This procedure is relatively quick and easy 
to use but can fail as well. 
Independent variables are included in the model one at a time 
beginning with that independent variable which has the highest 
coefficient of determination (say Xj). The remaining independent 
variables are then examined to find out which other variable in 
combination with X1, has the highest coefficient of determination. 
This independent variable (sayX2) is then included in the model. This 
procedure is repeated until there is no significant change in the 
coefficient of determination according to the partial F-test. Once an 
independent variable has been included in the model it can not be 
excluded. 
7.10.4 Backward Elimination 
Backward Elimination is the opposite of forward selection. It begins 
with all of the independent variables in the model. Variables are then 
eliminated one at a time beginning with the independent variables 
which causes the smallest decrease in the coefficient of 
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determination. The process is continued until there is no significant 
change in the coefficient of determination, according to the partial F 
test. Once a variable has been removed in backward elimination it can 
not be included again. Backward elimination involves far more 
computation then forward selection because the model includes more 
explanatory variables. 
7.10.5 Stepwise Regression 
In stepwise regression, each independent variable (other than the first 
one) is included in the set of selected variables according to the 
partial F test. A test is then conducted to see if any of the previously 
selected variables can be removed without significantly changing the 
coefficient of determination, according to the partial F test. Suppose 
that the smallest RSS which can be obtained by adding another 
variable to the present set is RSS (kl+l) while RSS (kj) is the residual 
sum of squares with k, variables in the model. The ratio given by the 
equation 7.7 
R= 
RSS (kl)-RSS (k, +l) 
RSS (k + 1) 
(n-k, - 1) 7.7 
is calculated and compared with an F-enter value. In the case that the 
R is bigger than the F-enter value the variable is added to the selected 
subset. Similarly suppose that the smallest RSS which can be obtained 
by deleting one of the variables from the current set is RSS (kj-1). The 
ratio given by equation 7.8 is calculated and compared with an F- 
delete value. 
RSS (k- 1) - RSS (k) 
RSS (k 
(n-kl) 
7.8 
In the case that R is smaller than the F-delete value, then the variable 
is deleted from the selected subset. 
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7.10.6 Generating All Subsets 
It can not be guaranteed that forward selection, backward elimination 
and stepwise regression will give the same best set of independent 
variables. The simplest way of finding the best set of independent 
variables is to calculate the residual sum of squares for all possible sets 
of independent variables and compare them using the partial F test. 
The practical drawback of this approach is that it requires the 
consideration of many sets of variables. 
9.11 Interpreting The Coefficient Of Determination 
The coefficient of determination is a measurment of the fit of all the 
types of regression model and is defined by equation 7.9. 
r2 
Explained Sum Of Squares 
Total Sum Of Squares 
r2 
Residual Sum Of Squares 
Total Sum Of Sciuares 7.9 
One problem about interpreting r2 is that it gets larger as more 
independent variables are included, even if the added variables are not 
significant. Therefore another coefficient is produced, r2(adjusted), 
which adjusts the value of r2 according to the number of independent 
variables in the model. r2(adjusted) is defined by the equation 7.10 and 
is always smaller than r2. 
r2 (adjusted) =1- 
Residual Mean Square 
Total Mean Square 7.10 
A large value of r2 is commonly taken to mean that the model is a good 
one. However, it is also possible and very easy to get a model with r2 
exceeding 0.95 but which is essentially worthless. Impressive values 
for r2 can be obtained by ensuring there is an obvious trend in the 
data, omitting possible outliers, including a large number of 
independent variables, without regard as to whether they are needed 
or not needed in the model and using r2 instead of r2(adjusted). 
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7.12 Checking The Assumptions By Examining The Residuals 
There is no need to make assumptions to obtain the least squares 
estimates of the parameters of the model. The regression coefficient 
obtained by MINITAB (the statistical computer package employed) will 
be the best estimates in the least squares sense, regardless of the data. 
However, some key assumptions are required when testing whether or 
not a model is a good model. 
These assumptions and the methods of checking them, i. e. whether 
the assumptions are likely to be true or not, are given below. 
7.12.1 The Residuals Are Normally Distributed 
An easy way of checking whether the residuals are approximately 
normally distributed is to draw a histogram of the residuals. Because 
the sum of the residuals will always be zero, the histogram of the 
residuals will usually be centered at zero. A histogram of the residuals 
should show whether the residuals are approximately normally 
distributed, which is sufficient for the tests, or severely skewed, in 
which case the tests may be severely misleading. 
7.12.2 The Residuals Have A Constant Variance 
The variance of the residuals should not change as the dependent 
variables change. An easy way of finding if the residuals have constant 
variance is to plot the residuals against the dependent variable or 
against the fitted values. If the variance of the residuals changes as the 
dependent variable changes, then the tests may be misleading. 
7.12.3 The Residuals Are independent 
This is a particular problem when multiple regression is used on time 
series data. It may be the case that residuals close together in time are 
also close together in value, which is called auto co rrelation. If 
autocorrelation is present then the error term is not random, as 
originally assumed, but has a definite pattern. 
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7.13 An Example Of Simple Linear Regression 
Suppose the data in figure 7.9 are the counts of bacteria at three flow 
rates, scaled to have values 1,2 and 3. These are simulated data but 
are representative of the sorts of values occurring in the experiments. 
Then a simple model can be- fitted which is defined by the equation 
7.11. 
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240+ 2 
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2 
9 
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1.20 1.60 2.00 2.40 2.80 
lFigure 7.9 Plot of the data 
Number of Bacteria =A+B Flow Rate 7.11 
The MINITAB output in table 7.1 shows that the r2 value is 82.7 %. 
The F ratio to test the null hypothesis B=O (i. e. no dependency on flow 
rate) is 205.32 and the table value of F is 7.31 for the 0.01 significance 
level. Alternatively the t-ratio could be compared with the p-value 
which is the probability of obtaining a sample result more unlikely 
than that which is observed. The p-value is also printed in table 7.1 
and is zero, hence, the result indicates that the null hypothesis (HO: B 
= 0) should be rejected. Therefore the equation 7.11 is statistically 
significant in all level of significance. 
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ITable 7.1 Rearession analvsis I 
MTB > regress c2l 1 c22; 
SUBC> resids c23. 
The regression equation is 
C21 =- 62.6 + 90.2 C22 
Predictor 
Constant 
C22 
34.49 
Coef Stdev t-ratio p 
-62.64 13.60 -4.61 0.000 90.217 6.296 14.33 0.000 
R-sq = 82.7% R-sq(adj) = 82.3% 
Analysis of variance 
SOURCE DF SS ms F p Regression 1 244174 244174 205.32 0.000 
Error 43 51137 1189 
Total 44 295311 
Unusual Observations 
Obs. C22 C21 Fit Stdev. Fit Residual St. Resid 
33 3.00 133.88 208.02 8.13 -74.13 -2.21R 37 3.00 328.58 208.02 8.13 120.57 3.60R 
denotes an obs. with a large st. resid. 
The histogram of the residuals (figure 7.11) seems approximately 
normal but the plot of the residuals (figure 7.10) against flow rate 
suggests that the variance is not constant, and hence that the model 
can be improved. 
Since the data are meant to represent counts of bacteria, it may be 
that the square root transformation is appropriate (section 7.7). The 
transformed data have been plotted in figure 7.12 and the model is 
now defined by equation 7.12. 
ýNumber of Bacteria =A+B Flow Rate 7.12 
The MINITAB output in table 7.2 shows that the r2 value is similar at 
83.5 % and the F ratio to test the null hypothesis B=O is also similar at 
218.38. 
The histogram of the residuals (figure 7.14) again seems to be 
approximately normal but the plot of the residuals (figure 7.13) against 
flow rate suggests that the variance is now approximately constant and 
hence that the model is adequate. 
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Figure 7.10 Plot of the residuals 
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Figure 7.11 Histogram of the residuals 
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IFigure 7.12 Plot of the square root transformed data 
[Table 7.2 Redression analvsis of sauare root transformed data 
I 
MTB > regress cll 1 c12; 
SUBC> resids c13. 
The regression equation is 
Cil = 0.690 + 4.67 C12 
Predictor 
Constant 
C12 
1.729 
Coef 
0.6903 
4.6655 
Stdev 
0.6820 
0.3157 
R-sq = 83.5% 
Analysis of Variance 
t-ratio p 
1.01 0.317 
14.78 0.000 
R-sq(adj) = 83.2% 
SOURCE DF SS ms Fp 
Regression 1 653.02 653.02 218.38 0.000 
Error 43 128.58 2.99 
Total 44 781.60 
Unusual Observations 
Obs. C12 cli Fit Stdev. Fit Residual St. Resid 
11 1.00 0.414 5.356 0.408 -4.941 -2.94R 
14 1.00 9.029 5.356 0.408 3.673 2.19R 
37 3.00 18.127 14.687 0.408 3.440 2.05R 
R deno tes an obs. with a large st. resid. 
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Figure 7.13 Plot of the residuals 
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ANALYSIS OF THE EXPEREMENTAL DATA 
8.1 Introduction 
The data collected during the experimental work was analysed 
according to the principles discussed in the previous chapter using 
Minitab which is a statistical computer package. 
Since the printouts of the analysis of all the data represent too great a 
volume to be included in the thesis and as essentially the same 
procedures were followed on each occasion only examples of the 
analysis for each quality parameters have been included. The results of 
the analyses for all the conditions are however included. The example 
of analyses were selected on the basis that the extreme cases of the 
conditions must be shown. For this reason the filtrate results from 100 
mm below the surface of filter A for all the quality parameters at 5 OC 
and the filtrate results from filter C for all the parameters at 25 OC 
were selected. In addition the examples of the cases of relationships 
between the parameters and also examples of nonrelationships (i. e. 
random variation) between the parameters have been included. 
Some of the specific points concerned with the handling the data and 
the carrying out of the analysis are briefly discussed below. 
As it is usual practice in slow sand filtration to waste the filtrate for a 
day after the filter has been cleaned, the data of any bacteriological 
analysis obtained within a day of cleaning has been omitted from the 
analysis. Almost invariably such data showed that the number of 
bacteria in the filtrate, in terms of total and faecal coliform bacteria; 
were higher than usual within a day of cleaning. 
The variables included in the regression models are overall influent 
effect, flow rate effect and allowance for the variable quality effect at 
different flow rates and the numbers of days that the filter had 
operated since the previous cleaning. For the variables of flow rate and 
influent effect at different flow rates indicator variables were employed 
as shown below. The indicator variables allowed the relation between 
the variables (i. g. filtrate quality against flow rate) to have different 
slopes at different flow rates flow rate. In other words the flow rate 
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effect was not assumed to alter by a constant factor. For the flow rate 
indicator variables (IN. ) used are shown below: 
INA I. V. 2 I. V. 3 LVA Flow rate 
1 0 0 0 0.1 
0 1 0 0 0.2 
0 0 1 0 0.3 
0 0 0 1 0.4 
0 0 0 0 0.5 
The influent quality also had an effect on the filtrate quality but it was 
not assumed to vary by a constant factor. In order to be able to 
discover the effect of variable influent quality for each flow rate 
indicator variables were again employed as shown below: 
I. V. 5 I. V. 6 I. V. 7 I. V. 8 I. V. 9 flow rate 
infl 0 0 0 0 0.1 
0 infl 0 0 0 0.2 
0 0 infl 0 0 0.3 
0 0 0 infl. 0 0.4 
0 0 0 0 infl 0.5 
It was not possible to include all of the variables such as temperature, 
sand size and sand depth in a single model for the following reasons: 
1- The effect of temperature was different in different beds, at 
different bed depths and at different flow rates. For example all the 
filters worked quite well at 25 OC at all flow rates but at 5 'C bacteria 
removal dropped considerably. The effect was also different in the 
different filter beds and at different flow rates. 
2- The effect of filter bed depths was different for different 
temperatures and flow rates. It was also different for the three sand 
beds. The quality of the filtrate was much higher at the 1.2 m bed level 
than at 100 mm bed level but the dependency on temperature and so 
on differed considerably. 
3- The size of sand grain used in the individual filter beds had a 
different effect on the quality of filtrate depending upon the quality of 
influent water, flow rate, bed depth and temperature. For some 
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conditions it was possible to construct models for all the sand sizes 
but on occasions the quality varied considerably with sand size. 
4- The effect of flow rate on filtrate quality was not constant but 
differed for the different sand beds, the bed depths, the temperature 
and the influent quality. For example at filtration rates of 0.1 m/h the 
filtrate quality was much superior than for flow rates of 0.5 m/h. This 
was especially so at 5 'C . 
During the initial analyses the plot of the residuals for the 
bacteriological data (i. e. total and faecal coliform) revealed that the 
variance was not constant. Therefore, as was prescribed in the 
previous chapter square root transformations were applied to the 
faecal coliform and total coliform data. 
The plot of the data was first produced to see the trend and then 
multiple regression analyses were carried out on the data. Flow rate 
indicator variables were used to allow different slopes for each flow 
rate and influent indicator variables were employed to allow different 
influents to have different effects on the filtrate quality at each flow 
rate. The models obtained were checked for significance by using the 
coefficient of determination, the t-test and the F statistic. Then the 
possibility of reducing the full model to a simpler model, without 
changing its significance was examined and achieved by means of 
leaving out one or more variables at a time and comparing the two 
models with the partial F test as prescribed in previous chapter. 
Finally, examination of the residuals was carried out by producing plots 
and histograms of the residuals. 
8.2 Examples Of Analyses 
8.2.1 Faecal Coliform From The 100 mm Level Of Filter A At 5 "C 
The plot of the faecal coliform counts against flow rate was produced 
(figure 8.1). From figure 8.1 it can be seen that the faecal coliform 
counts increased with increasing filtration rates. Up to the 0.3 m/h 
filtration rate, the faecal coliform bacteria count was mostly under 
100/100ml (The square root of this figure is utilized in the figure) but 
after the filtration rate was increased to 0.4 m/h the counts were 
mostly higher than 100 faecal coliform/100 ml of filtrate. 
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Figure 8.1 Plot of the s quare root of the faecal coliform counts 
Table 8.1 was produced from the regression analysis, and the model 
obtained was checked for significance by using the coefficient of 
determination, t-test and F-statistic. 
From the result of the regression analysis (table 8.1) the coefficient of 
determination (R-squared) indicates that the model has explained 
86.4 % of the variation. Adjusting the R-squared statistic to take 
account of the number of independent variables, the value of the 
adjusted R-squared falls slightly to about 80 %. 
The P value of the F ratio shows that the model is significant at all 
levels of significance. The full model as given in table 8.1 is : 
fc a 10 = 2.43 + 0.739 fc infa + 3.37 flow 0.1 - 6.88 flow 0.2 
+ 2.19 flow 0.3 - 0.60 flow 0.4 - 0.785 c 111 - 0.092 c 112 
- 0.394 c 113 + 0.013 c 114 + 0.063 run a 
where: 
fc alO: The square root of the faecal coliform counts in the filtrate at 
100 mm below the sand surface of filter A at 5 OC. 
fe infa: The square root of the faecal coliform counts in the influent at 
5 'C. 
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flow 0.1 - flow 0.4: Indicator variables for the 
filtration rates of 0.1 m/h 
to 0.4 m/h 
c111 - cl. 14: Influent values 
for the filtration rates of 0.1 m/h to 0.4 
m1h. 
run a: The number of days that the filter A had been running since the 
last cleaning. 
Table 8.1 Result of the regression analysis (full model) 
MTB > regr c5 11 c4 C101-c104 C111-C115 c92 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
The regression equation is 
fc a1O = 2.43 + 0.739 fc infa + 3.37 flow 0.1 - 6.88 flow 0.2 + 2.19 
- 0.60 flow 0.4 - 0.785 Clll - 0.090 C112 - 0.394 C113 + 
+ 0.063 run a 
32 cases used 18 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 2.427 5.492 0.44 0.663 
fc infa 0.7391 0.2195 3.37 0.003 
flow 0.1 3.366 6.893 0.49 0.630 
flow 0.2 -6.881 7.273 -0.95 0.355 
flow 0.3 2.193 9.472 0.23 0.819 
flow 0.4 -0.598 7.743 -0.08 0.939 
Cill -0.7845 0.2729 -2.87 0.009 
C112 -0.0897 0.2682 -0.33 0.741 
C113 -0.3936 0.5811 -0.68 0.506 
C114 0.0129 0.3179 0.04 0.968 
run a 0.0633 0.1517 0.42 0.681 
3.506 R-sq = 86.4% 
Analysis of variance 
SOURCE DF 
Regression 10 
Error 21 
Total 31 
Unusual Observations 
ss 
1638.66 
258.13 
1896.78 
Obs. fc infa fc alO 
17 32.6 24.495 
21 37.0 
24 48.3 
25 21.4 
33 38.0 
R-sq(adj) = 79.9% 
ms 
163.87 
12.29 
Fit Stdev. Fit 
18.398 2.337 
17.601 12.512 
21.428 18.544 
12.285 4.367 
30.478 3.960 
Fp 
13.33 0.000 
Residual St. Resid 
6.096 2.33R 
X 
X 
X 
X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
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On considering the P values of the t-ratios in table 8.1 it can be seen 
that the contribution of some variables to the model is not significant 
and therefore can be omitted from the model. A further multiple 
regression analysis was then carried out on the reduced model and as 
a result table 8.2 was produced. 
The reduced model from table 8.2 is: 
fc alO = 4.41 + 0.344 c198 + 0.666 c199 
where: 
fe a1O: The square root of the faecal coliform count in the filtrate at 
100 mm below the sand surface of filter A. 
c198: The indicator variables combined for the flow rates of 0.2,0.3 
m/h. 
c 199: The indicator variables combined for the filtration rates of 0.4, 
0.5 m/h. 
This reduced model can then be rewritten in an easier form 
4.41 
Ffe 
alO = 4.41 + 0.344 
j71n--fl-u--en--t, " 
4.41 + 0.666 linfluent 
for flow 0.1 m/h 
for flow 0.2,0.3 m/h 
for flow 0.4,0.5 m/h 
Using the values obtained from both analyses (tables 8.1 and 8.2) the 
partial F was calculated to compare the two models 
F=, 
(1638.66 - 1564.19) / (10 - 2) =0.76 12.29 
Critical F value F., 21 =2.42 
Since the partial F-ratio 0.76 < F,, 21=2.42, there is no statistically 
significant evidence that the full model is superior to the reduced 
model at the 5% level of significance. 
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The plot of the residuals verses the filtration rates (figure 8.2) showed 
no observable pattern and hence provided no evidence that any 
essential variable has been omitted from the model. 
The histogram of the residuals (figure 8.3) is normally distributed; and 
thus indicates that the model is adequate. 
Table 8.2 Regression analysis of reduced model 
MTB > let cl98=cll2+cll3 
MTB > let cl99=cll4+cll5 
MTB > regr c5 2 c198 c199; 
SUBC> resids c200. 
The regression equation is 
fc alO = 4.41 + 0.344 C198 + 0.666 C199 
32 cases used 18 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 4.4140 0.9960 4.43 0.000 
C198 0.34386 0.06936 4.96 0.000 
C199 0.66624 0.05712 11.66 0.000 
s=3.387 R-sq = 82.5% R-sq(adj) = 81.3% 
Analysis of Variance 
SOURCE DF SS Ms Fp 
Regress-ion 2 1564.19 782.09 68.19 0.000 
Error 29 332.60 11.47 
Total 31 1896.78 
Unusual Observations 
Obs. C198 fc alO Fit Stdev. Fit Residual St. Resid 
15 21.3 4.472 11.749 1.077 -7.277 -2.27R 
17 32.6 24.495 15.609 1.734 8.886 3.05R 
21 37.0 17.141 2.019 X 
24 48.3 21.012 2.762 X 
R denotes an obs. with a large s t. resid. 
X denotes an obs. whose X value gives it large influence. 
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Figure 8.2 Plot of the residuals ag ainst flow rates. 
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Figure 8.3 Histogram of the residuals. 
8.2.2 Total Coliform Counts At The 100 mm Level Of Filter A At 5*C 
The plot of the total coliform counts verses the filtration rate was 
produced (figure 8.4). It can be seen from figure 8.4 that the total 
coliform count increases with increasing filtration rates. The total 
coliform bacteria count was mostly under 200 total coliform/100 ml 
(The square root of the counts was employed in figure 8.4) but after 
the filtration rate had been increased to 0.4 m/h the total coliform 
counts were mostly above the level of 200 total coliform/100 ml in the 
filtrate. This pattern is similar to the pattern of faecal coliform counts 
in the same filtrate. 
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Multiple regression analysis was conducted on the data and table 8.3 
was produced as a result. The model obtained was then checked for 
significance. 
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Figure 8.4 Plot of the s quare root of the total coliform counts. 
From table 8.3 the coefficient of determination indicate that the 
model has explained 85.9 % of the variation. Adjusting the R-squared 
statistic to take account of the number of independent variables, the 
value of the adjusted R-squared falls slightly to 79.2 %. The P value of 
the F ratio showed that the model was significant at all levels of 
significance. 
The full model from table 8.3 is 
tc a 10 = 16.6 + 0.402 tc infa - 2.8 flow 0.1 -27.0 flow 0.2 
-26.2 flow 0.3 + 6.2 flow 0.4 - 0.567 c 111 + 0.091 c 112 
0.678 c 113- 0.145 c 114 + 0.394 run a 
where: 
te a 10: Square root of the total coliform counts in the filtrate 100 mm 
below from sand surface of filter A at 5 'C. 
tc infa: Square root of the total coliform counts in the influent at 5 'C. 
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flow 0.1 - flow 0.4: Indicator variables for filtration rates of 0.1 m/h to 
0.4 m/h. 
Table 8.3 Result of regression analysis (full model). 
MTB > regr c35 11 c34 clOl-clO4 clll-cll5 c92 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
The regression equation is 
tc alO = 16.6 + 0.402 tc infa - 2.8 flow 0.1 - 27.0 flow 0.2 - 26.2 
* 6.2 flow 0.4 - 0.567 C111 + 0.091 C112 + 0.678 C113 - 
* 0.394 run a 
32 cases used 18 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 16-56 13.25 1.25 0.225 
tc infa 0.4022 0.2460 1.63 0.117 
flow 0.1 -2.85 14.63 -0.19 0.847 
flow 0.2 -27.00 16-89 -1.60 0.125 
flow 0.3 -26.15 26-13 -1.00 0.328 
flow 0.4 6.21 16.89 0.37 0.717 
Cill -0.5674 0.2673 -2.12 0.046 
C112 0.0907 0.2861 0.32 0.754 
C113 0.6776 0.8141 0.83 0.415 
C114 -0.1450 0.3024 -0.48 0.637 
run a 0.3943 0.3076 1.28 0.214 
s=6.699 R-sq 85.9% R-sq(adj) = 79.2% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regress-Ion 10 5755.24 575.52 12.82 0.000 
Error 21 942.39 44.88 
Total 31 6697.63 
Unusual Observations 
Fit Stdev. Fit Residual St. Resid Obs. tc infa tc alO 
17 44 35.64 
21 58 
23 13 
24 
25 51 
34 19 
46 83 
21.74 2.43 
54.36 23.09 
5.28 12.35 
67.35 32.66 
47.41 17.86 
28.11 7.42 
50.20 7.85 
13.90 2.23R 
X 
X 
X 
X 
X 
X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
c111 - cl. 14: Influent values for the filtration rates of 
0.1 m/h to 0.4 
m/h. 
run a: Number of days the filter A had been in operation since the 
last 
cleaning. 
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The P values of the t-ratios of the model indicated (table 8.3) that the 
contribution of some of the variables to the model was not significant 
and therefore could be safely left out. 
Further multiple regression analyses were carried out to obtain the 
best subset of the full model for which the P values of the t-ratio did 
not indicate that there were still unnecessary variables included. This 
best subset also complied with the requirements of the partial F test. 
In other words the variables which were omitted would not have 
caused a significant difference between the full model and the subset 
model. 
The reduced model was produced (table 8.4) as below: 
tc alO = 8.96 + 0.332 c198 + 0.538 c199 
where 
tc aIO: Square root of the total coliform count in the filtrate 100 mm 
below sand surface of filter A. 
c 198: The indicator variables for the combined influent at filtration 
rates of 0.2 m/h and 0.3 m/h. 
c 199: Indicator variables for the combined influent at the filtration 
rates 0.4 m/h and 0.5 m/h. 
The reduced model can be written in an easier form as below: 
8.96 
ýtc alO 8.96 + 0.332 j7ln-flýuent 
8.96 + 0.538 linfluent 
for flow 0.1 m/h 
for flow 0.2,0.3 m/h 
for flow 0.4,0.5 m/h 
Using the values obtained from both analyses, the partial F ratio was 
calculated as below to compare the two models 
F= 
(5755.24 - 5257.2) / (10 - 2) 
44.88 
Critical F value F., 21 = 
2.42 
= 1.39 
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ITable 8.4 Result of regression analysis (reduced model). 
MTB > let cl98=cll2+cll3 
MTB > let cl99=cll4+cll5 
MTB > regr c35 2 c198 c199; 
SUBC> resids c200. 
The regression equation is 
tc alO = 8.96 + 0.332 C198 + 0.538 C199 
32 cases used 18 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 8.965 2.084 4.30 0.000 
C198 0.33194 0.06964 4.77 0.000 
C199 0.53810 0.05231 10.29 0.000 
s=7.048 R-sq = 78.5% R-sq(adj) = 77.0% 
Analysis of Variance 
SOURCE DF 
Regression 2 
Error 29 
Total 31 
ss ms 
5257.2 2628.6 
1440.4 49.7 
6697.6 
Fp 
52.92 0.000 
Unusual Observations 
Obs. C198 tc alO Fit Stdev. Fit Residual St. Resid 
13 73.7 26.27 33.44 4.00 -7.17 -1.23 X 
15 40.6 8.37 22.43 2.05 -14.06 -2.09R 
24 70.5 32.38 3.79 *X 
39 0.0 36.74 51.01 3.05 -14.27 -2.25R 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
Since the F value is smaller than the critical F value, the difference 
between the full model and the subset model is not significant at the 5 
significance level. 
The plot of the residuals verses filtration rates (figure 8.5) showed no 
pattern and hence did not provide any evidence that any necessary 
variable had been left out of the model. 
The histogram of the residuals (figure 8.6) is reasonably symetric and 
the model appears to be adequate. 
8.2.3 Suspended Solid From The 100 mm Level Of Filter A At 5 "C 
The plot of suspended solid concentration against filtration rate was 
produced (figure 8.7). It can be seen from the plot that the suspended 
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solid concentrations in the filtrate from 100 mm below the sand 
surface of filter A increase slightly with increasing filtration rates. 
Multiple regression analysis was carried out on this data and table 8.5 
was produced. The model obtained was then checked for significance. 
From table 8.5 the coefficient of determination shows that the model 
has explained 52.2 % of the variation. The adjusted R-squared figure 
falls to 38.7 %. The P value of the F ratio, however, shows that the 
model is significant at all levels of significance. 
10+ 
2 
3 
2 
2 
0+ 2 
2 
3 
-10+ 
------------------------------- -------------------------- flow 
0.80 1.60 2.40 3.20 4.00 4.80 
Figure 8.5 Plot of the residuals ag ainst flow rates 
Midpoint Count 
-16 2 
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Figure 8.6 Histogram of the residuals. 
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2.40+ 
ss a1O 
1.60+ 
3 
4 
0.80+ 
22 
2 
0.00+ 3 3 
--------------------------------------------------------- flow 
0.80 1.60 2.40 3.20 4.00 4.80 
Figure 8.7 Plot of the suspended solid measurements. 
The full model obtained from table 8.5 is: 
ss alO = 0.656 + 0.137 ss inf - 0.375 flow 0.1 -0.427 flow 0.2 
+ 0.065 flow 0.3 - 0.003 flow 0.4 + 0.096 cl 11 + 0.149 cl 12 
0.067 c113 + 0.063 c114 - 0.03 run a 
where: 
ss a1O: The suspended solid concentration in the filtrate taken from 
100 mm. below the sand surface of filter A at 5 OC. 
ss inf. - The suspended solid concentration in the influent at 5 'C 
flow 0.1 - flow 0.4: Indicator variables for the filtration rates 
0.1 m/h 
to 0.4 m/h. 
cIII-c 114: The influent values for the filtration rates of 0.1 m/h to 
0.4 m/h. 
run a: The number of days that the filter A had been in operation since 
previous cleaning. 
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Table 8.5 Regression analysis (full model) 
MTB > regr c65 11 c64 clOl-clO4 clll-cll5 c92 
C115 is highly correlated with other X variables C115 has been removed from the equation 
The regression equation is 
ss alO = 0.656 + 0.137 ss inf - 0.375 flow 0.1 - 0.427 flow 0.2 * 0.065 flow 0.3 - 0.003 flow 0.4 + 0.096 C111 + 0.149 C112 * 0.067 C113 + 0.063 C114 - 0.0294 run a 
47 cases used 3 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.6563 0.2717 2.42 0.021 
ss inf 0.13744 0.08642 1.59 0.120 
flow 0.1 -0.3751 0.5543 -0.68 0.503 flow 0.2 -0.4270 0.5010 -0-85 0.400 flow 0.3 0.0655 0.4856 0.13 0.893 
flow 0.4 -0.0028 0.3835 -0.01 0.994 Cill 0.0956 0.1908 0.50 0.619 
C112 0.1495 0.1286 1.16 0.253 
C113 0.0668 0.1613 0.41 0.681 
C114 0.0631 0.1224 0.52 0.609 
run a -0.02936 0.01404 -2.09 0.044 
s=0.4730 R-sq = 52.0% 
Analysis of Variance 
SOURCE DF SS 
Regression 10 8.7394 
Error 36 8.0538 
Total 46 16.7932 
R-sq(adj) = 38.7-3, 
ms 
0.8739 
0.2237 
F 
3.91 
p 
0.001 
Unusual Observations 
Obs. ss inf ss alO 
13 3.9 0.0000 
17 21.7 
22 4.4 0.5000 
24 9.5 
25 13.9 
39 7.3 1.7000 
Fit Stdev. Fit 
0.8784 0.1846 
5.6624 1.6893 
1.4733 0.2864 
2.6028 0.9399 
3.4425 1.5346 
2.0293 0.4299 
Residual 
-0.8784 
-0.9733 
-0.3293 
St. Resid 
-2.02R 
*X 
-2.59R 
X 
X 
-1.67 X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
The P values of the t-ratio of the model indicate (table 8.5) that the 
contribution of some of the variables to the model is not significant 
and therefore can be omitted from the model. 
The reduced model was produced (table 8.6) as below: 
ss alO = 0.556 + 0.215 ss inf - 0.0344 run a 
where: 
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ss aIO: The suspended solid concentration in the filtrate from 100 
mm below sand surface of filter A (mg/1). 
ss inf: Suspended solid concentration (mg/1) in influent. 
run a: Number of days since the previous cleaning. 
Table 8.6 Regression analysis (reduced model). 
MTB > regr c65 2 c64 c92; 
SUBC> resids c200. 
The regression equation is 
ss alO = 0.556 + 0.215 ss inf - 0.0344 run a 
47 cases used 3 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.5560 0.1407 3.95 0.000 
ss inf 0.21548 0.04365 4.94 0.000 
run a -0.034384 0.007062 -4.87 0.000 
s=0.4523 R-sq = 46.4% 
Analysis of Variance 
R-sq(adj) = 44.0% 
SOURCE DF Ss ms Fp 
Regression 2 7.7909 3.8955 19.04 0.000 
Error 44 9.0023 0.2046 
Total 46 16.7932 
Unusual Observations 
Obs. ss inf ss alO 
17 21.7 
24 9.5 
25 13.9 
39 7.3 1.7000 
Fit Stdev. Fit Residual 
4.3036 0.8014 
2.5343 0.3139 
3.4136 0.4971 
2.0258 0.2195 -0.3258 
St. Resid 
X 
X 
X 
-0 . 82 X 
X denotes an obs. whose X value gives it large influence. 
Using the values from both analyses, the partial F ratio was calculated 
to compare the two models: 
(8.7394 - 7.7909) / (10 - 2) F =, 0.2237 .=0.53 
Critical F value F. 
, 36 
= 2.18. since the F ratio is smaller than the 
critical F value, the difference between the full model and the subset 
model is not significant at a5% significance level. 
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The plot of the residuals verses the filtration rates (figure 8.8) 
exhibited no pattern, and the variance of the residual was the same for 
all the observations. The histogram of the residuals (figure 8.9) was 
approximately symetrical and therefore the model was adequate. 
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Figure 8.8 Residuals against filtration rate. 
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Figure 8.9 Histogram of residuals 
8.2.4 Turbidity At The 100 rrum Level Of Filter A At 5 "C 
The plot of the turbidity measurements verses filtrarion rates was 
produced (figure 8.10). It can be seen from this plot that the turbidity 
measurements for the filtrate from 100 mm below the sand surface of 
filter A is less than 1 NTU for most of the time, on a few occasions 
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some higher turbidity values were observed at filtration rates 0.2,0.4 
and 0.5 m/h. 
1.50+ 
tur alO 
1.00+ 
2 2 
2 2 
2 
0.50+ 3 
3 2 
5 2 
-------------------------------------------- ------------- flow 
0.80 1.60 2.40 3.20 4.00 4.80 
Figure 8.10 Plot of turbidit y measurements. 
Table 8.7 was produced as a result of multiple regression analysis and 
the model obtained was then checked for significance. 
From table 8.7 the coefficient of determination demonstrates that the 
model has explained 73.4 % of the variation. The adjusted R-squared 
falls to 65.7 %. The P value of the F ratio shows that the model is 
significant at all levels of significance. 
The full model from table 8.7 is : 
tur alO = 0.061 + 0.318 tur inf - 0.084 flow 0.1 + 0.163 flow 0.2 
+ 1.04 flow 0.3 + 0.254 flow 0.4 - 0.142 c 111 - 0.160 c 112 
- 0.561 c 113 - 0.105 c 114 - 0.00140 run a 
where: 
tur a1O: The turbidity measurement in the filtrate from 100 mm below 
from the sand surface of filter A at 5 'C. 
tur inf: The turbidity measurement in the influent at 5 'C. 
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able 8.7 Regression analysis table (full model) 
MTB > regr c75 11 c74 clOl-clO4 C111-C115 c92 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
The regression equation is 
tur alO = 0.061 + 0.318 tur inf - 0.084 flow 0.1 + 0.163 flow 0.2 
+ 1.04 flow 0.3 + 0.254 flow 0.4 - 0.142 Cill - 0.160 C112 
- 0.561 C113 - 0.105 C114 - 0.00140 run a 
46 cases used 4 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.0607 0.1569 0.39 0.701 
tur inf 0.31821 0.06376 4.99 0.000 
flow 0.1 -0.0841 0.2335 -0.36 0.721 
flow 0.2 0.1628 0.2569 0.63 0.531 
flow 0.3 1.0379 0.2796 3.71 0.001 
flow 0.4 0.2540 0.2421 1.05 0.301 
Cill -0.14247 0.08092 -1.76 0.087 
C112 -0.15963 0.07323 -2.18 0.036 
C113 -0.5609 0.1264 -4.44 0.000 
C114 -0.10532 0.09990 -1.05 0.299 
run a -0.001402 0.006335 -0.22 0.826 
s=0.2176 R-sq = 73.4% R-sq(adj) = 65.7% 
Analysis of Variance 
SOURCE DF Ss ms F p 
Regressi on 10 4.56201 0.45620 9.64 0.000 
Error 35 1.65668 0.04733 
Total 45 6.21869 
Unusual Observa tions 
Obs. tur inf tur a10 Fit Stdev. Fit Residual St. Resid 
1 6.7 1.2000 1.1400 0.2081 0.0600 0.95 X 
12 6.0 1.6000 1.1567 0.1093 0.4433 2.36R 
13 7.2 0.7000 1.3428 0.1277 -0.6428 -3.65R 
17 35.0 5.7359 1.0862 *X 
19 5.2 1.5000 1.0032 0.0956 0.4968 2.54R 
24 11.0 -1.5739 0.9838 X 
25 17.0 -3.0329 1.6352 X 
26 12.0 -1.8152 1.0927 X 
34 2.5 1.3000 0.8455 0.0719 0.4545 2.21R 
39 4.4 1.0000 1.2471 0.1792 -0.2471 -2. OOR 
46 5.2 1.7000 1.7140 0.2046 -0.0140 -0.19 x 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
flow 0.1 - flow 0.4: Indicator variables for the 
filtration rates 0.1 m/h 
to 0.4 m/h. 
c 111 -c 114: Indicator variables for the influent 
for the filtration rates 
of 0.1 m/h to 0.4 m/h. 
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Table 8.8 Regression Analysis (reduced model) 
MTB > let cl98=cll2+cll3 
MTB > let cl99=cll4+cll5 
MTB > regr c75 2 c198 c199; 
SUBC> resids c200. 
The regression equation is 
tur alO = 0.372 + 0.119 C198 + 0.196 C199 
46 cases used 4 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.37170 0.06401 5.81 0.000 
C198 0.11918 0.02160 5.52 0.000 
C199 0.19599 0.03460 5.66 0.000 
s=0.2683 R-sq = 50.2% R-sq(adj) = 47.9% 
Analysis of Variance 
SOURCE DF Ss ms F p 
Regression 2 3.1226 1.5613 21.68 0.000 
Error 43 3.0961 0.0720 
Total 45 6.2187 
Unusual Observa tions 
Obs. C198 tur alO Fit Stdev. Fit Residual St. Resid 
1 0.0 1.2000 0.3717 0.0640 0.8283 3.18R 
12 6.0 1.6000 1.0868 0.1019 0.5132 2.07R 
13 7.2 0.7000 1.2298 0.1252 -0.5298 -2.23RX 
17 35.0 4.5429 0.7172 *X 
19 5.2 1.5000 0.9914 0.0872 0.5086 2. OOR 
22 3.5 0.2600 0.7888 0.0606 -0.5288 -2.02R 
24 11.0 1.6826 0.2032 X 
C- '15 17.0 2.3977 0.3304 X 
26 12.0 1.8018 0.2242 X 
46 0.0 1.7000 1.3909 0.1429 0.3091 1.36 X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
run a: Number of days filter A had been in operation since the previous 
cleaning. 
The P values of the t-ratios of the model indicate (table 8.7) that the 
contribution of some of the variables to the model is not significant 
and hence can be omitted from the model. 
The reduced model produced (table 8-8) is as shown below 
tur alO = 0.372 + 0.119 c198 + 0.196 c199 
where: 
152 
tur aIO: The turbidity measurements in the filtrate from 100 mm 
below the sand surface of filter A. 
c198: The influent indicator variable for the filtration rates 0.2,0.3 
m/h. 
c199: The influent indicator variables for the filtration rates 0.4 m/h 
and 0.5 m/h. 
The coefficient of determination has now dropped from 73.4 % to 
50.2 % with this subset model therefore an attempt was made to 
improve the coefficient of determination in the subset model. 
The multiple regression analysis was carried out again on a slightly 
different subset (table 8.9). The new model now was 
tur alO = 0.259 - 0.220 flow 0.1 + 0.146 c198 + 0.238 c199 
where: 
tur al. O: The turbidity measurements in the filtrate from 100 mm 
below the sand surface of filter A. 
flow 0.1: Indicator variable for the filtration rate of 0.1 m/h. 
c 198: The influent indicator variable for the filtration rates 0.2,0.3 
m/h. 
c199: The influent indicator variables for the filtration rates 0.4 m/h 
and 0.5 m/h. 
In addition to the variables explained in the previous model an 
additional indicator variable was included in the model for the 
filtration rate of 0.1 m/h. 
On studying the above model it can be seen that when the indicator 
variable for the filtration rate takes 'I' the model becomes 
tur alO = 0.259 - 0.220 =0.039 
therefore it can be concluded that with the filtration rate of 0.1 m/h 
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Table 8.9 Regression analysis (second subset model) 
MTB > let cl98=clll+cll2+cll3 
MTB > regr c75 3 clO1 c198 C199; 
SUBC> resids c200. 
The regression equation is 
tur alO = 0.259 - 0.220 flow 0.1 + 0.146 C198 + 0.238 C199 
46 cases used 4 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.25940 0.08267 3.14 0.003 
flow 0.1 -0.21992 0.09318 -2.36 0.023 
C198 0.14551 0.02187 6.65 0.000 
C199 0.23831 0.03821 6.24 0.000 
0.2393 R-sq = 61.3% 
Analysis of Variance 
SOURCE DF 
Regression 3 
Error 42 
Total 45 
ss 
3.8139 
2.4048 
6.2187 
Unusual Observations 
Obs. flow 0.1 tur a10 
12 0.00 1.6000 
13 0.00 0.7000 
17 0.00 
19 0.00 1.5000 
22 0.00 0.2600 
24 0.00 
25 0.00 
26 0.00 
27 0.00 0.9000 
46 0.00 1.7000 
R-sq(adj) = 58.6% 
ms 
1.2713 
0.0573 
Fit Stdev. Fit 
1.1325 0.0878 
1.3071 0.1096 
5.3522 0.7053 
1.0160 0.0748 
0.7687 0.0562 
1.8600 0.1864 
2.7331 0.3143 
2.0055 0.2074 
0.4049 0.0677 
1.4986 0.1397 
Fp 
22.20 0.000 
Residual St. Resid 
0.4675 
-0.6071 
0.4840 
-0.5087 
0.4951 
0.2014 
2.10R 
-2.85R 
*X 
2.13R 
-2.19R 
X 
X 
X 
2.16R 
1.04 X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
the model has a different intercept of zero. The multiple regression 
analysis was again performed (table 8.10) with the proper formulation 
which enforced a zero intercept for the filtration rate of 0.1 m/h. 
The equation from table 8.10 is as below 
tur alO = 0.244 c197 + 0.151 c198 + 0.244 c199 
where: 
tur aIO: Turbidity measurement in filtrate from 100 mm below surface 
level of filter A. 
c197: Indicator variable for filtration rates 0.2,0.3,0.4,0.5 m/h. 
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Table 8.10 Regression an sis (final model) 
MTB > let cl97=clO2+clO3+clO4+clO5 
MTB > regr c75 3 c197 c198 cl9q; 
SUBC> resids c200; 
SUBC> noco. 
The regression equation is 
tur alO = 0.244 C197 + 0.151 C198 + 0.244 C199 
46 cases used 4 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Noconstant, 
C197 0.24353 0.07217 3.37 0.002 
C198 0.15108 0.01688 8.95 0.000 
C199 0.24429 0.03492 7.00 0.000 
s=0 . 2370 
Analysls of Variance 
SOURCE DF SS ms 
Regression 3 26.5127 8.8376 
Error 43 2.4143 0.0561 
Totai 46 28.9270 
Unusual Observations 
Obs. C197 tur a10 
1 0.00 1.2000 
12 1.00 1.6000 
13 1.00 0.7000 
17 1.00 
19 1.00 1.5000 
22 1.00 0.2600 
24 1.00 
25 1.00 
26 1.00 
27 1.00 0.9000 
39 1.00 1.0000 
46 1.00 1.7000 
Fit Stdev. Fit 
1.0122 0.1131 
1.1500 0.0757 
1.3313 0.0911 
5.5314 0.5455 
1.0292 0.0669 
0.7723 0.0549 
1.9054 0.1478 
2.8119 0.2449 
2.0565 0.1636 
0.3946 0.0622 
1.3184 0.1074 
1.5138 0.1333 
F 
157.40 
Residuai 
0.1878 
0.4500 
-0.6313 
0.4708 
-0.5123 
0.5054 
-0.3184 
0.1862 
p 
0 . 000 
St. Resid 
0.90 x 
2. OOR 
-2.8 9R 
*X 
2.07R 
-2.22R 
X 
X 
X 
2.21R 
-1.51 x 
0.95 x 
R denotes an obs. with a large st. res]-d. 
X denotes an obs. whose X value gives it large -influence. 
c198: Indicator variable for the influent at filtration rate of 0.2,0.3 
m/h. 
c199: Indicator variable for the influent at filtration rate of 0.4,0.5 
m/h. 
The model can be rewritten in an simpler form as shown below 
0 
tur alO = 0.244 + 0.151 influent 
0.244 + 0.244 influent 
for filtration rate 0.1 m/h 
for filtration rates 0.2,0.3 m/h 
for filtration rates 0.4,0.5 m/h. 
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where influent refers to the turbidity measurements. 
It can be seen (table 8.10) that the model is significant at all levels of 
significance by refering to the F statistic. The t-ratios also indicate that 
there is no redundant variable included in the model. Calculating a 
model with no constant distorts statistics such as R-squared so they 
have not been included. 
The plot of the residuals against the filtration rates (figure 8.11) shows 
no discernable pattern. The histogram of the residuals (figure 8.12) is 
approximately normal and hence the model is adequate. 
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Figure 8.11 Plot of the residual 
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Figure 8.12 Histogram of the residuals. 
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8.2.5 Faecal Colifonn From The 1.2 m Level Of Filter C At 25 OC 
In order to observe the trend of the data a plot of the filtrate quality in 
terms of faecal coliform counts verses filtration rate was produced. 
From the plot of filtrate faecal coliform counts from filter C against the 
flow rates (figure 8.13) it can be seen that usually there are few (if any) 
faecal coliforms present and that there is little difference between the 
different flow rates. 
2.40+ 
fc effc 
2 3 
1.60+ 
2 
4 2 22 
0.80+ 
0.00+ 9 + 5 62 
--------------------------------------------------------- flow 
0.80 1.60 2.40 3.20 4.00 4.80 
Figure 8.13 Plot of the sq uare root of the faecal coliform counts 
Table 8.11 was produced from the regression analysis. The model 
obtained was again checked for significance. 
From the result of the full regression model (table 8.11) the 
coefficient of determination (R-squared) indicates that the model has 
only explained about a third (33.8 %) of the variation in the (square 
root of the) number of faecal coliforms. Adjusting the R-squared 
statistic to take account of the number of independent variables, the 
value of the adjusted R-squared falls to 18.1 %. The F-ratio, however, 
indicates that there is just enough evidence to reject the hyphothesis 
of no relationship at the 5% significance level. 
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Table 8.11 Rearession Anlvsis (full model) 
MTB > regr c27 11 c24 clOl-clO4 C111-C115 c94 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
NOTE * fc infc is highly correlated with other predictor variables 
NOTE * C112 is highly correlated with other predictor variables 
The regression equation is 
fc effc = 3.54 - 0.0912 fc infc - 3.16 flow 0.1 - 3.08 flow 0.2 - 2.22 0.3 
- 2.81 flow 0.4 + 0.0853 Clll + 0.103 C112 + 0.0963 C113 
+ 0.0954 C114 - 0.0231 run c 
53 cases used 11 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 3.540 1.400 2.53 0.015 
fc infc -0.09119 0.06179 -1.48 0.147 
flow 0.1 -3.159 1.431 -2.21 0.033 
flow 0.2 -3.081 1.391 -2.21 0.032 
flow 0.3 -2.220 1.433 -1.55 0.129 
flow 0.4 -2.814 1.419 -1.98 0.054 
Cill 0.08527 0.06798 1.25 0.217 
C112 0.10329 0.06208 1.66 0.104 
C113 0.09635 0.06387 1.51 0.139 
C114 0.09545 0.06336 1.51 0.139 
run c -0.02307 0.01041 -2.22 0.032 
s=0.6502 R-sq 33.8% R-sq(adj) 18.1% 
Analysis of Variance 
SOURCE DF 
Regression 10 
Error 42 
Total 52 
ss 
9.0746 
17.7582 
26.8329 
Unusual Observations 
Obs. fc infc fc effc 
15 50.6 2.4495 
18 37.1 
24 43.5 
25 29.1 0.0000 
30 69.2 
40 55.8 0.0000 
49 63.0 1.0000 
57 18.2 0.0000 
59 38.5 
60 38.9 
61 51.8 
62 53.6 
ms 
0.9075 
0.4228 
Fit Stdev. Fit 
0.9341 0.2149 
0.1394 0.7449 
0.1012 0.9241 
0.1406 0.5277 
1.3313 0.7466 
0.7318 0.5158 
0.7406 0.6181 
1.1457 0.3330 
0.0092 1.0761 
-0.0781 1.1002 
-1.2078 1.8770 
-1.4413 1.9857 
Fp 
2.15 0.042 
Residual St. Resid 
1.5154 2.47R 
X 
X 
-0.1406 -0.37 X 
* X 
-0.7318 -1.85 X 
0.2594 1.28 X 
-1.1457 -2.05R 
X 
X 
X 
X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
158 
The full model is given in table 8.11 
fc effc =3.54 - 0.912 fc infc - 3.16 flow 0.1 - 3.08 flow 0.2 
- 2.22 flow 0.3 - 2.81 flow 0.4 + 0.0853 c 111 + 0.103 c 112 
0.0963 c 113 + 0.0954 c 114 - 0.0231 run c. 
where: 
fc effc: Square root of the faecal coliform counts in the filtrate of filter 
C at 1.2 m bed level at 25 'C period. 
fc infc: Square root of the faecal coliform count in influent at 25 OC. 
flow 0.1 - flow 0.4: The indicator variable for the filtration rate 0.1 to 
0.4 m/h. 
c 111 -c 114 : The indicator variables of influent for the filtration rate 
0.1 to 0.4 m/h. 
run c: Number of days filter C has been in operation since the previous 
cleaning. 
The P values of the t-ratios of the model (table 8.11) indicated that the 
contribution of some of the variables to the model was not significant. 
Therefore regression analysis was again carried out with the indicator 
variables of flow rates, of which the flow 0.2 m/h, the flow 0.3 m/h and 
that of 0.4 m/h were combined. As a result of the analysis table 8.12 
was produced. 
The estimated model from table 8.12 is 
fc effc = 1.03 - 0.928 flow 0.1 - 0.468 c 199 
where: 
fe effc: Square root of the faecal coliform count in the influent at 2'- 
flow 0.1: Indicator variable for the filtration rate of 0.1 m/h. 
c199: Indicator variable for the flow rates 0.2,0.3,0.4 M/h. 
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The P value of the t-ratio of the variable c199 in table 8.12 shows that 
the contribution of c 199 to the model is not significant. Hence, an 
even simpler model can be produced. The model then is reduced to 
that shown in table 8.13. The partial F value is F=1.77 <F9,21 = 2.1. 
Thus the difference between the full model and this simpler model is 
not significant. 
Table 8.12 Regression ana sis (reduced model) 
MTB > let cl99=clO2+clO3+clO4 
MTB > regr c27 2 clOl c199; 
SUBC> resids c200. 
The regression equation is 
fc effc = 1.03 - 0.928 flow 0.1 - 0.468 C199 
53 cases used 11 cases contain missing value s 
Predictor Coef Stdev t-ratio p 
Constant 1.0280 0.2576 3.99 0.000 
flow 0.1 -0.9280 0.3358 -2.76 0.008 
C199 -0.4681 0.2815 -1.66 0.103 
s=0.6814 R-sq = 13.5% R-sq(adj) = 10.0% 
Analysis of Variance 
SOURCE DF SS ms Fp 
P, egression 2 3.6161 1.8080 3.89 0.027 
Error 50 23.2168 0.4643 
Total 52 26.8329 
Unusual Observations 
obs. flow 0.1 fc effc Fit Stdev. Fit Residual St. Resid 
5 0.00 2.0000 0.5599 0.1136 1.4401 2.14R 
15 0.00 2.4495 0.5599 0.1136 1.8896 2.81R 
R denotes an obs. with a large st. resid. 
The model is now 
fc effc = 0.636 - 0.536 flow 0.1 
it can be rewritten more simply as 
0.10 for flow rate 0.1 m/h 
ý -fc-e-f f- -c" = 
0.636 for flow rate 0.2 - 0.5 m/h. 
This model is significant statistically but when the number of 
faecal 
coliforms in 
0 
the filtrate are calculated it is 0.01 or 0.4. However, no 
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such measurements can be observed in practice; a bacteria is either 
present or not present. From a practical point of view, this model 
demonstrates that the number of faecal coliform in the filtrate from 
filter C can reasonably be assumed to be essentially zero and the 
quality of the filtrate is independent of flow rates and influent quality. 
Table 8.13 Regression anal ysis (final reduced model). 
MTB > regr c27 I cl0l; 
SUBC> resids c200. 
The regression equation is 
fc effc = 0.636 - 0.536 flow 0.1 
53 cases used 11 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.6361 0.1057 6.02 0.000 
flow 0.1 -0.5361 0.2433 -2.20 0.032 
s=0.6931 R-sq = 8.7% R-sq(adj) = 6.9% 
Analysis of Variance 
SOURCE DF SS MS Fp 
Regression 1 2. 3318 2.3318 4.85 0.032 
Error 51 24. 5011 0.4804 
Total 52 26. 8329 
Unusual Observations 
Obs. flow 0.1 fc effc Fit Stdev. Fit Residual St. Resid 
15 0.00 2.4495 0.6361 0.1057 1.8134 2.65R 
R denotes an obs. with a large st. resid. 
The plot of the residuals verses the flow rates (figure 8.14) reveals no 
pattern and hence provides no evidence that any necessary variable 
has been omitted from the model. 
The histogram of the residuals (figure 8.13) is not particularly 
normally distributed; this reflects the large number of times no faecal 
coliforms were found in the effluent and the fact that the modelling of 
data where the dependent variable only takes small, positive values is 
difficult. 
8.2.6 Total Coliform Count At The 1.2 m Level Of Filter C At 25'OC 
The plot of the total coliform counts verses the flow rate was produced 
in order to observe the trend of the data (figure 8.16). It can 
be seen 
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that usually there are few total coliforms in the filtrate and that there 
is little difference observable in the counts at the different flow rates. 
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------------------------ ---------- ----------------------- flow 
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Figure 8.14 Plot of residuals 
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Figure 8.15 Histogram of the residuals. 
Table 8.14 was produced as a result of multiple regression analysis and 
the model obtained was checked for significance 
From the full regression model (table 8.14) The coefficient of 
determination (R-squared) indicates that the model explains 53 % of 
the variation in the square root of the number of faecal coliforms. 
Adjusting the R-squared statistic to take account of the number of 
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independent variables, the value of the adjusted R-squared falls to 42.4 
%. The F ratio given in the analysis of variance in the table of 
6.0+ 
tc effc 
4.0+ 
2 
2 
2 2 3 
2.0+ 2 
2 3 2 
2 2 2 
0.0+ 5 5 2 
--------------------------------------------------------- flow 
0.80 1.60 2.40 3.20 4.00 4.80 
Figure 8.16 Plot of square root of the total coliform counts. 
regression analysis (table 8.14), indicates that the model is significant 
at all levels of significace. 
The full model is 
tc effc = 3.72 + 0.0115 tc infc - 2.26 flow 0.1 - 1.62 flow 0.2 
- 0.95 flow 0.3 - 1.65 flow 0.4 - 0.0098 cl 11 - 0.0012 cl 12 
+ 0.0228 c113 + 0.0086 c114 - 0.0835 run c. 
where: 
tc effc: Square root of total coliform count in the filtrate from filter C 
at 25 'C. 
tc infc: Square root of total coliform count in the influent at 25 OC. 
flow 0.1 - flow 0.4: Indicator variable for filtration rates 
0.1 m/h to 0.4 
m/h. 
c 111 -c 114: Indicator variables for different influent effects at 
0.1 to 
0.4 m/h. 
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Table 8.14 Rearession (full model). 
MTB > regr c57 11 c54 clOl-clO4 clll-cll5 c94 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
NOTE * tc infc is highly correlated with other predictor variables 
NOTE * C112 is highly correlated with other predictor variables 
The regression equation is 
tc effc = 3.72 + 0.0115 tc infc - 2.26 flow 0.1 - 1.62 flow 0.2 - 0.95 
.3 
- 1.65 flow 0.4 - 0.0098 Clll - 0.0012 C112 + 0.0228 C113 
+ 0.0086 C114 - 0.0835 run c 
55 cases used 9 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 3.720 1.998 1.86 0.069 
tc infc 0.01152 0.05281 0.22 0.828 
flow 0.1 -2.265 2.155 -1.05 0.299 
flow 0.2 -1.618 1.996 -0.81 0.422 
flow 0.3 -0.949 2.180 -0.44 0.665 
flow 0.4 -1.655 2.157 -0.77 0.447 
Cill -0.00983 0.05751 -0.17 0.865 
C112 -0.00122 0.05300 -0.02 0.982 
C113 0.02279 0.05515 0.41 0.681 
C114 0.00857 0.05494 0.16 0.877 
run c -0.08351 0.01917 -4.36 0.000 
s=1.110 R-sq = 53.0% R-sq(adj) = 42.4% 
Analysis of Variance 
SOURCE DF SS 
Regression 10 61.205 
Error 44 54.183 
Total 54 115.388 
Unusual Observations 
Obs. tc infc tc effc 
1 119 3.606 
14 102 5.000 
18 120 
24 79 
30 109 
31 60 5.477 
43 125 1.000 
53 34 3.464 
59 68 
60 59 
61 80 
62 87 
ms Fp 
6.120 4.97 0.000 
1.231 
Fit Stdev. Fit Residuai St. Resid 
1.404 0.389 2.202 2.12R 
2.816 0.334 2.184 2.06R 
1.575 1.925 X 
1.505 0.997 X 
5.259 0.878 X 
3.410 0.417 2.068 2.01R 
0.316 0.952 0.684 1.20 X 
1.005 0.498 2.459 2.48R 
4.422 1.802 X 
4.149 1.343 X 
4.558 2.401 X 
4.389 2.760 X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
run c: Number of days filter C had been in operation since previous 
cleaning. 
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The P values of the t-ratios from table 8.14 indicate that a simpler 
model can be produced by leaving out some of the variables-The final 
analysis produced was as is shown in table 8.15. 
Table 8.15 Regression Analy is (reduced model). 
MTB > let cl99=cll3+cll4 
MTB > regr c57 4 c112 c199 c115 c94; 
SUBC> resids c200. 
The regression equation is 
tc effc = 1.57 + 0.0125 C112 + 0.0323 C199 + 0.0545 C115 - 0.0602 run 
55 cases used 9 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 1.5749 0.3361 4.69 0.000 
C112 0.012467 0.003621 3.44 0.001 
C199 0.032251 0.006372 5.06 0.000 
C115 0.05453 0.01477 3.69 0.001 
run c -0.06023 0.01540 -3.91 0.000 
s=1.166 R-sq = R-sq(adj) = 36.4% 
Analysis of Variance 
SOURCE DF Ss ms F p 
Regression 4 47.394 11.849 8.71 0.000 
Error 50 67.994 1.360 
Total 54 115.388 
Unusual Observa tions 
Obs. C112 tc effc Fit Stdev. Fit Residual St. Resid 
14 102 5.000 2.603 0.314 2.397 2.13R 
31 0 5.477 2.486 0.265 2.991 2.63R 
59- 0 5.231 0.977 *X 
60 0 4.609 0.834 *X 
61 0 5.877 1.144 *X 
62 0 6.083 1.225 *X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
The regression equation (reduced model) from table 8.15 is 
tc effc = 1.57 + 0.0125 c112 + 0.0323 C199 + 0.0545 c115 
- 0.0602 run c. 
where: 
tc effc: square root of the total coliform count in the filtrate of filter C 
at 25 OC. 
c 112: Indicator variable for different influent effect at 0.2 m/h. 
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c199 : Indicator variable for different influent effect at 0.3,0.4 m/h. 
c115: Indicator variable for different influent effect at 0.5 m/h. 
run c: Number of days filter C had been in operation since previous 
cleaning. 
The model can be rewritten as below 
1.57 - 0.06 run c 
Ft cc-e-f-f-c" 
1.57 + 0.013 linfluen't - 0.06 run c 
1.57 + 0.030 jin-flu-e-n--T - 0.06 run c 
1.57 + 0.055 [influent' - 0.06 run c 
where: 
for flow 0.1 m/h 
for flow 0.2 m/h 
for flow 0.3,0.4 m/h 
for flow 0.5 m/h 
tc effc: Total coliform count in the filtrate from filter C 
influent: Total coliform count in the influent. 
run c: Number of days that filter C had been in operation since the 
previous cleaning. 
Using the values from table 8.14 and table 8.15 the partial F value was 
calculated as below and by comparing the partial F value with the 
critical F value the significance of the difference between the two 
models was verified. 
(61.205 - 47.394) / (10 - 4) 
1.231 . =1.87 
Critical F value F 6.44 = 2.34 
The partial F value is smaller than the critical F value and hence 
provides no evidence that the full model is better than the reduced 
model at the 5% level of significance. Hence the reduced model is 
acceptable. 
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The plot of the residuals verses flow rate (figure 8.17) shows no 
discernible pattern and hence provides no evidence that any other 
necessary variable was omitted from the model. 
The histogram of residuals (figure 8.18) shows that the residuals are 
approximately normally distributed so the model is adequate. 
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Figure 8.17 Plot of the residuals. 
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Figure 8.18 Histogram of residuals. 
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8.2.7 Suspended Solid Concentrations At 1.2 m Level Of Filter C At 25 
0C 
The plot of the amount of suspended solids in mg/l against flow rate 
(m/h) was produced (figure 8.19). From the plot of the data it is seen 
that the suspended solid concentration values of the filtrate from filter 
C at 25 'C were mostly less than 0.60 mg/l and the plot shows no 
obvious trend. The filtrate quality in terms of the suspended solids 
content has been demonstrated to vary little with major changes in 
flow rate. 
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Figure 8.19 Plot of susp ended solid measurements. 
Multiple regression analysis was carried out and the result is given in 
table 8.16. 
Considering the P value of the F ratio in table 8.16 the analysis of 
variance table shows that there is no significant relation between the 
variables involved. Following this, descriptive statistics of the data 
were then produced (table 8.17). 
From table 8.17 the mean suspended solid concentration in the 
filtrate of filter C at 25 'C was found to be 0.37 mg/l and was not 
affected by either the influent concentration or the flow rate. The 
median 0.40 indicates that during the 25 OC period half of the 54 
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measurements of suspended solid concentrations amounted to less 
than 0.4 mg/l. 
Table 8.16 Rearession analvsis (full model). 
MTB > regr c70 11 c64 clOl-clO4 clll-cll5 c94 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
NOTE * ss inf is highly correlated with other predictor variables 
NOTE * C111 is highly correlated with other predictor variables 
NOTE * C112 is highly correlated with other predictor variables 
The regression equation is 
ss effc = 0.465 - 0.068 ss inf - 0.121 flow 0.1 - 0.083 flow 0.2 
- 0.406 flow 0.3 - 0.168 flow 0.4 + 0.055 C111 + 0.067 C112 
+ 0.072 C113 + 0.093 C114 + 0.00721 run c 
59 cases used 5 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.4651 0.4703 0.99 0.328 
Ss inf -0.0682 0.1022 -0.67 0.508 
flow 0.1 -0.1206 0.5066 -0.24 0.813 
flow 0.2 -0-0832 0.4792 -0.17 0.863 
flow 0.3 -0.4061 0.5093 -0.80 0.429 
flow 0.4 -0.1680 0.5215 -0.32 0.749 
Cill 0.0553 0.1032 0.54 0.595 
C112 0.0673 0.1035 0.65 0.518 
C113 0.0720 0.1044 0.69 0.494 
C114 0.0933 0.1160 0.80 0.425 
run c 0.007215 0.006233 1.16 0.253 
s=0.3664 R-sq 16.7% R-sq(adj) 0.0% 
Analysis of Variance 
SOURCE DF 
Regression 10 
Error 48 
Total 58 
Unusual Observations 
ss 
1.2896 
6.4423 
7.7319 
Obs. ss inf ss effc 
10 9.7 1.2000 
24 31.8 0.1000 
43 10.8 0.6000 
45 13.1 
53 5.0 1.7000 
60 6.7 
ms 
0.1290 
0.1342 
Fit Stdev. Fit 
0.4818 0.0923 
-0.0590 0.2784 
0.9360 0.3334 
0.6401 0.5681 
0.5741 0.1272 
0.0299 0.3036 
Fp 
0.96 0.489 
Residual St. ResId 
0.7182 2 . 03R 
0.1590 0.67 X 
-0.3360 -2.21RX 
*X 
1.1259 3.28R 
*X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
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Table 8.17 Descriptive statistics of the data. 
N N* MEAN MEDIAN TRMEAN STDEV ss effc 59 5 0.3746 0.4000 0.3434 0.3651 
MIN MAX Ql Q3 
ss effc 0.0000 1.7000 0.0000 0.6000 
8.2.8 Turbidity At The 1.2 m Level Of Filter C At 25 'C 
The plot of the filtrate turbidity content of filter C against flow rates 
was produced (figure 8.20). From this plot it can be seen that during 
the 25 'C period most of the measurements of turbidity were less than 
0.45 NTU and that all of the measurements was less than 0.60 NTU. 
The data shows no significant trend from an engineering point of view 
at different flow rates or with different influent qualities. 
Descriptive statistics were produced for the turbidity measurements of 
the filtrate (table 8.18) and from that then can be seen that the mean 
value for the the turbidity content of filtrate C during the 25 'C period 
was 0.33 NTU. 
Table 8.19 was produced as a result of the multiple regression analysis 
and the model obtained was examined with reference to the 
significance of the model. R-squared showed that the model explains 
51.2 % of the variation in the turbidity measurements of the filtrate C. 
The adjusted R-squared value is 38.9 %. The F value indicate that the 
model is statistically significant. The P values of the corresponding t- 
ratios however, indicate that some of the variables in the model are 
not significantly contributing to the model and so could be omitted 
without weakening the model. 
From the plot of the turbidity data of the filtrate against flow rates 
there was an indication that the filtrate turbidities were higher at the 
0.2 m/h filtration rate. The plot of the data was produced again with 
the filtrate turbidities on the y aNis and observation order on the x axis 
(figure 8.21). From figure 8.21 it can be seen that the first 20 
measurement of turbidity were slightly higher than the remainder of 
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the observations. The circled observation (figure 8.2 1) was obtained 
just after the flow rate tripled from 0.1 to 0.3 m/h. 
Using the arguments discussed in the previous paragraph several trials 
were conducted to produce a simpler model of the version given in 
table 8.19. As a result the simplified model shown in table 8.20 was 
developed. 
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Figure 8.20 Plot of turbidit y measurements. 
Table 8.18 Descriptive statistics of turbidity measurement. 
N N* MEAN MEDIAN TRMEAN STDEV 
tur effc 56 8 0.3329 0.3500 0.3292 0.1037 
MIN MAX Ql Q3 
tur effc 0.1500 0.6000 0.2500 0.4000 
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Table 8.19 Regression analysis (full model) - 
MTB > regr c8O 11 c74 clOl-clO4 clll-cllS c94 
C115 is highly correlated with other X variables 
C115 has been removed from the equation 
NOTE * tur inf is highly correlated with other predictor variables 
NOTE * C111 is highly correlated with other predictor variables 
NOTE * C113 is highly correlated with other predictor variables 
The regression equation is 
tur effc = 0.191 + 0.0108 tur inf + 0.243 flow 0.1 + 0.207 flow 0.2 
+ 0.142 flow 0.3 + 0.140 flow 0.4 - 0.0166 Cill - 0.0075 C112 
- 0.0124 C113 - 0.0260 C114 + 0.00038 run c 
56 cases used 8 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.19092 0.09592 1.99 0.053 
tur inf 0.01082 0.02242 0.48 0.632 
flow 0.1 0.2426 0.1032 2.35 0.023 
flow 0.2 0.2066 0.1017 2.03 0.048 
flow 0.3 0.1416 0.1082 1.31 0.197 
flow 0.4 0.1400 0.1070 1.31 0.197 
Cill -0.01663 0.02252 -0.74 0.464 
C112 -0.00754 0.02304 -0.33 0.745 
C113 -0.01243 0.02281 -0.55 0.588 
C114 -0.02604 0.02527 -1.03 0.308 
run c 0.000383 0.001409 0.27 0.787 
s=0.08187 R-sq = 49.0% 
Analysis of Variance 
SOURCE DF SS 
Regression 10 0.290128 
Error 45 0.301615 
Total 55 0.591743 
Unusual Observations 
Obs. tur inf tur effc 
31 5.7 0.6000 
39 4.5 0.1500 
43 10.0 0.2000 
45 20.0 
54 1.3 0.2500 
60 6.2 
R-sq(adj) = 37.7% 
ms 
0.029013 
0.006703 
Fit Stdev. Fit 
0.3298 0.0350 
0.3390 0.0304 
0.1982 0.0790 
0.0272 0.2323 
0.2146 0.0688 
0.2591 0.0641 
Fp 
4.33 0.000 
Residual St. Resid 
0.2702 3.65R 
-0.1890 -2.49R 
0.0018 0.08 x 
*X 
0.0354 0.80 X 
*X 
R denotes an obs. with a large st. resid. 
X denotes an obs. whose X value gives it large influence. 
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lFigure 8.21 Turbidity measurements against observation order. 
From table 8.20 the values of both the F statistic and the t-ratios show 
that model is significant at all levels. Partial F test: 
F=0.070798 
/ (10-1) 
= 1.17 0.006703 
Critical F value F 9,45 = 
2.12 
Since partial F value is greater than critical F value no necessary 
variables were left out from the model. Hence the model (table 8.20) 
can be used as a model of the turbidity content of the filtrate from 
filter C at 25 'C. 
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Table 8.20 Rearession analvsis (reduced model). 
MTB > regr c8O 1 c198; 
SUBC> resids c200. 
The regression equation is 
tur effc = 0.292 + 0.136 C198 
56 cases used 8 cases contain missing values 
Predictor Coef Stdev t-ratio p 
Constant 0.29154 0.01330 21.92 0.000 
C198 0.13611 0.02414 5.64 0.000 
s=0.08305 R-sq = 37.1% R-sq(adj) = 35.9% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 1 0.21933 0.21933 31.80 0.000 
Error 54 0.37241 0.00690 
Total 55 0.59174 
Unusual Observations 
Obs. C198 tur effc Fit Stdev. Fit Residual St. Resid 
15 1.00 0.5900 0.4276 0.0201 0.1624 2.02R 
31 0.00 0.6000 0.2915 0.0133 0.3085 3.76R 
denotes an obs. with a large st. resid. 
The model is 
tur effc = 0.292 + 0.136 c198 
where: 
c 198: Indicator variable for first 20 observation. 
This model simply indicates that 
0.43 for the first 20 observation 
tur effc = 
0.29 for the rest of the observations. 
The plot of the residuals (figure 8.22) shows no pattern and the 
histogram of the residuals (figure 8.23) shows an aprwdmately normal 
distibution. Hence it can be concluded that the model is adequate. 
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Figure 8.22 Plot of residuals. 
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8.23 Histogram of residuals. 
The first 20 observations have a mean value of only 0.136 NTU higher 
than the remainder of the observations. The model clearly shows that 
the turbidity content of the filter C filtrate is independent of filtration 
rates. The difference between the first 20 observations and the rest of 
the data during the 25 OC period is not really significant from an 
engineering point of view. Hence the mean value of the turbidity 
content (0.33 NTU) can be employed. 
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8.3 Results Of The Analysis Of The Experimental Data 
All the data produced was analysed according to the principles 
discussed in chapter seven and some of the analytical techniques 
employed were discussed earlier in this chapter under the previous 
topic. It was decided that a repetition of all this analytical approach 
would prove to be too bulky and add nothing to the value of the work 
so only the results of all the analyses have been included in this 
section. 
The following abbreviations were used in the models: 
fc aIO, fc b1O, fc c1O: Faecal coliform. counts/100 ml in the filtrate 
from 100 mm below sand surface of filters A, B and C. 
fc effa, fc effb, fc effc: Faecal coliform counts/100 ml in the filtrate 
from 1.2 m below sand surface of filters A, B and C. 
tc aIO, tc b1O, tc c1O: Total coliform counts/100 ml in the filtrate 100 
mm below the surface of filters A, B and C. 
tc effa, tc effb, tc effc: Total coliform counts / 100 ml in the filtrate 1.2 
m below the surfaces of filters A, B and C. 
ss a1O, ss b1O, ss c1O: Suspended solids measurements (mg/1) in the 
filtrate from 100 mm below the sand surface of filters A, B and C. 
ss effa, ss effb, ss effc: Suspended solids measurements (mg/1) in the 
filtrate 1.2 m below the sand surface of the filters A, B and C. 
tur a1O, tur bIO, tur c1O: Turbidity measurements (NTU) in the 
filtrate from 100 mm below the sand surface of filters A, B and C. 
tur effa, tur effb, tur effc: Turbidity measurements (NTU) in the filtrate 
from 1.2 m below the sand surface of the filters A, B and C. 
influent: Measurements of relevant parameters in influent (i. e. Faecal 
coliform count /100 ml in influent for faecal coliform models, 
suspended solid measurements (mg/1) in the influent for suspended 
solid models so on. ) 
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tot run: Number of days that filter was in operation since the initial 
start-up. 
8.3.1 Results Of Maturation Period 
During maturation period temperature varied between 15 OC and 30 OC 
and because it was not controlled temperature has been included in 
the model. 
8.3.1.1 Faecal Coliform Models 
Fifter A 
, 
rf-c-al-O-'q 
= 15.6 - 0.423 temp - 0.103 tot run 
+ 0.00239 ý7n-fl-u--en-'T * tot run 
Ffc ýeffa 
= 1.178 
Fifter B 
ýfc ýbl 0=1.18 + 0.115 
1 71n-f-l-u -en-, t, I 
Ffc effb' = 1.395 
Filter C 
Ffc clO = 0.398 + 0.252 
jin-ýfluent 
ýfc effc = 2.63 + 0.0292 
finfluent 
- 0.0417 tot run 
8.3.1.2 Total Coliform Models 
Fifter A 
,, 
Ftc alO" = 23.9 + 0.0796 
JiFnflu7ent 
- 0.988 temp 
qrtc e-ffa = 2.672 
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Filter B 
, 
rtc blO = 10.70 + 0.0948 
l7influent" 
- 0.383 temp 
Ite effb = 2.672 
Fifter-C 
Tte c10" = 27.5 + 0.178 
jinfluent" 
- 1.17 temp 
It-c effe = 3.652 
8.3.1.3 Suspended Solid Models 
Fifter A 
ss alO = 0.56 
ss effa = 0.55 
Fifter B 
ss blO = 0.65 
ss effb = 0.60 
Filter C 
ss clO = 0.53 
ss effe = 0.52 
8.3.1.4 Turbidity Models 
Fifter A 
tur alO = 0.908 - 0.00652 to. t run 
tur effa = 0.795 - 0.00552 tot run 
Fifter B 
tur blO = 0.825 + 0.0522 influent - 0.00748 tot run 
178 
tur effb = 0.832 - 0.00590 tot run 
Fifter C 
tur c 10 = 1.18 - 0.00915 tot run 
tur effc = 0.786 - 0.00540 tot run 
8.3.2 Results Of 25 OC Period 
8.3.2.1 Faecal Coliform Models 
Filter A 
1.47 for flow rates 0.1,0.2 m/h 
If-c a 10 = 1.47 +0.13 
li-n-fl--u-e-n--to for flow rates 0.3,0.4 m/h 
1.47 + 0.22 ý influentq for flow rate 0.5 m/h 
Ff-c-e--f-f'a-" 
= 0.715 for all flow rates. 
Filter B 
2.46 
-fc b-lO 2.46 + 0.13 j71n--fl-u-e--n--t" 
2.46 + 0.32 ji-n-fi-u-e--n-t'q 
for flow rates 0.1,0.2 m/h 
for flow rate 0.3 m/h 
for flow rate 0.4,0.5 m/h 
ITc--e-f f-b"' 
0.49 
1.86 
for flow rates 0.1,0.2 m/h 
for flow rates 0.3,0.4,0.5 m/h 
Fifter C 
1.42 
-fc-c- -1ý0 1.42 +0.06 
linfluient 
1.42 + 0.21 linfluent 
1.42 + 0.38 ilInfluent 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rate 0.3 m/h 
for flow rates 0.4,0.5 m/h 
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0.10 for flow rateO. I m/h 
Tf-c -e-ff- -c" 0.56 for flow rates 0.2,0.3,0.4 m/h 
1.03 for flow rate 0.5 m/h 
8.3.2.2 Total Coliform Models 
Fifter A 
2.86 for flow rate 0.1 m/h 
[t -ca 10-% = 
2.86 + 0.03 jinfluent! 
2.86 + 0.12 ýinfl-ue-n-t' 
, 
Ft -ce f-f'-, a" = 
Fifter B 
for flow rate 0.2 m/h 
for flow rates 0.3,0.4 m/h 
--q 2.86 + 0.20 [influent for flow rate 0.5 m/h 
1.88 for all flow rates. 
3.94 - 0.18 run b 
8.13 - 0.18 run b 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
, 
rt, b 10 = 8.13 + 0.12 
Finfluent" 
- 0.18 run b for flow rate 0.3 m/h 
8.13 + 0.21 117-n-fl-ue-n-t' 0.18 run b for flow rate 0.4 m/h 
8.13 + 0.24 j-ln-fl-u-e-n--T 0.18 run b for flow rate 0.5 m/h 
1.32 - 0.06 run b for flow rate 0.1 m/h 
2.50 - 0.06 run b for flow rate 0.2 m/h 
, 
Ftc effb = 
3.50 - 0.06 run b for flow rate 0.3 m/h 
3.57 - 0.06 run b for flow rates 0.4,0.5 m/h 
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Fifter C 
4.97 
4.97 + 0.04 [influent ITC-71--o" 
= 
4.97 + 0.19 Finfluent 
4.97 + 0.39 jinfluent 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rates 0.3,0.4 m/h 
for flow rate 0.5 m/h 
1.57 - 0.06 run c for flow rate 0.1 m/h 
1.57 + 0.013 linfluent - 0.06 run c 
cef fc" = 
1.57 + 0.030 li-n-flu-enti - 0.06 run c 
1.57 + 0.055 ýinfluent' - 0.06 run c 
8.3.2.3 Suspended Solid Models 
Filter A 
ss aIO = 0.80 for all flow rates 
ss effa = 0.48 for all flow rates 
Fifter B 
0.33 for flow rate 0.1 m/h 
11 0.2 m/h 
" 0.3,0.4 m/h 
11 0.5 m/h 
ss blO = 0.70 for flow rates 0.2,0.3,0.4 m/h 
1.40 for flow rate 0.5 m/h 
ss effb = 0.48 for all flow rates. 
Filter C 
0.39 for flow rate 0.1 m/h 
ss clO = 0.56 for flow rates 0.2,0.3 M/h 
1.36 for flow rates 0.4,0.5 m/h 
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ss effc = 0.37 for all flow rates. 
8.3.2.4 Turbidity Models 
Filter A 
0.38 for flow rates 0.1,0.2,0.3,0.4 m/h 
tur alO = 
0.61 for flow rate 0.5 m/h 
tur effa = 0.3 0 for all flow rates. 
Filter B 
0.41 for flow rates 0.1,0.2,0.3 m/h 
tur blO = 
0.78 for flow rates 0.4,0.5 m/h 
tur effb = 0.3 0 for all flow rates. 
Fifter C 
0.59 for flow rates 0.1,0.2,0.3 m/h 
tur clO = 
1.14 for flow rates 0.4,0.5 m/h. 
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0.43 
tur effc = 
0.29 
can be assumed 
tur effc =0-30 
for first 20 observation 
for rest of the data 
for all flow rates. 
8.3.3 Results Of 15 OC Period 
8.3.3.1 Faecal Coliform Models 
Fifter A 
2.3 
ýfle a10 = 2.3 + 0.15 
117r-rfl-u--e-n--t' 
2.3 + 0.36 fin-flue-n-t" 
0.1 
fcef fa 0.1 + 0.0 2ýin fl--u-e-n-t" 
+ 0.0 9, fit-n-fl-u -en ti 
Filter B 
4.1 
Ff -cb 1-0, - 
4.1 + 0.14 ji -n-fl-u -en-T 
4.1 +0.29 ilInfluent 
4.1 + 0.41 linfluent" 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3,0.4 m/h 
for flow rates 0.5 
for flow rates 0.1,0.2,0.3 m/h 
for flow rate 0.4 m/h 
for flow rate 0.5 m/h. 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rate 0.3 m/h 
for flow rates 0.4,0.5 m/h 
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0.26 
Tf 
ic- 
-e-f f- b-" = 
1.74 
Fifter C 
2.3 + 0.11 jinfluent" 
Tf -lc-c-, -O-q = 
2.3 + 0.30 ,, 
rinfluent 
0.0 
, 
rf-e- -eff--c% 
= 0.9 
0.9 + 0.04 ýinfluent" 
8.3.3.2 Total Coliform Models 
Filter A 
2.5 
Tte alO = 2.5 + 0.16 V/in-fluent' 
2.5 + 0.36 Influent 
0.6 
-t-c-e-f-f-a- 0.6 + 0.0 3 v/ in fl ue n't 
0.6 + 0.08 , 
fl7nýfluent 
for flow rates 0.1,0.2 m/h 
for flow rates 0.3,0.4,0.5 m/h 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3,0.4,0.5 m/h 
for flow rates 0.1,0.2 m/h 
for flow rates 0.3,0.4 m/h 
for flow rate 0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3,0.4 m/h 
for flow rate 0.5 m/h 
for flow rates 0.1,0.2,0.3 m/h 
for flow rate 0.4 m/h 
for flow rate 0.5 m/h. 
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FUter B 
6.6 
Tt -cb-1 0-" = 
6.6 
6.6 
6.6 
0.8 
Ttc effb = 2.5 
5.5 
Filter C 
7.0 
1t 
-cc - -0, = 
+ 0.10 Fin-fluent" 
* 0.25 jinfluent 
* 0.37 vFinfl-u-e-n-t" 
7.0 + 0.24 linfluent 
0.4 
Irtc effc = 1.8 
1.8 + 0.04 Finfluent 
8.3.3.3 Suspended Solid Models 
Filter A 
ss alO = 0.55 
ss effa = 0.34 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rate 0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rates 0.1,0.2 m/h 
for flow rates 0.3,0.4 m/h 
for flow rate 0.5 m/h. 
for flow rate 0.1 m/h 
for flow rate 0.2,0.3,0.4,0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.3,0.4 m/h 
for flow rate 0.5 m/h. 
for all flow rates 
for all flow rates 
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Filter B 
0.45 
ss blO = 
0.74 
ss effb = 0.34 
for flow rates 0.1,0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for all flow rates 
Filter C 
ss cIO = 0.63 for all flow rates 
ss effc = 0.34 for all flow rates. 
8.3.3.4 Turbidity Models 
Piker A 
tur aIO = 0.35 for all flow rates 
tur effa = 0.2 4 for all flow rates. 
Filter B 
tur b10 0.46 
tur effb = 0.24 
Filter C 
tur clO = 0.50 
tur effc = 0.24 
for all flow rates 
for all flow rates. 
for all flow rates 
for all flow rates. 
186 
8.3.4 Results Of 5 OC Period 
8.3.4.1 Faecal Coliform Models 
Fifter A 
4.4 
Ff ca 10 = 4.4 + 0.3 4 ., 
ri -nfl 
u-e n-- 
4.4 + 0.66 Fin-fluenT 
0.9 
0.9 + 0.10 ji] , Ff c e-f 'fa 1 n--fl-u- -e- n-- 
0.9 + 0.17 
Filter B 
13.4 
Ffc bI Oý= 3.9 + 0.33 linfluent! 
3.9 + 0.71 Finfluent 
1.5 
ýfc effb = 1.5 + 0.08 Flinfluent 
1.5 + 0.22. finflýuent 
Fifter C 
7.0 
ýfe 0.34 j71nfluent 
0.7 5ý1 n-fl-u-e-n-t" 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rates 0.1,0.2,0.3 m/h 
for flow rate 0.4 m/h 
for flow rate 0.5 m/h. 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rates 0.3,0.4,0.5 m/h. 
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0.8 
, 
Ff -ce-f-f-c" = 
0.8 + 0.17 vFinfluent 
8.3.4.2 Total Coliform Models 
Filter A 
9.0 
Irtc a 10 = 9.0 + 0.33 
[influent 
9.0 + 0.54 Finfluent 
2.5 
2.5 + 0.07 Tinfluent! 
2.5 + 0.13 linfluent 
Filter B 
30.0 
ýtc b 10 = 6.7 + 0.41 , 
rinfluTent 
---'4 6.7 + 0.6 4 vri n--fl-u ent 
3.1 
NFt cef fýb = 3.1 + 0.0 6 ,. 
ri n fl ui e ýnt 
3.1 + 0.17 linfluent" 
for flow rates 0.1,0.2 m/h 
for flow rates 0.3,0.4,0.5 m/h. 
for flow rates 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for flow rates 0.1,0.2,0.3 m/h 
for flow rate 0.4 m/h 
for flow rate 0.5 m/h. 
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Fifter C 
16.7 
Itc clO"= 0.31 linflue'nt 
0.7 1 Fi n fl u-e n--t" 
for flow rate 0.1 m/h 
for flow rate 0.2 m/h 
for flow rates 0.3,0.4,0.5 m/h. 
2.6 for flow rates 0.1,0.2 m/h 
Ft c -e f-f-c"q = 
2.6 + 0.12 ý-infliu-en7t! for flow rates 0.3,0.4,0.5 m/h. 
8.3.4.3 Suspended Solid Models 
Fifter A 
ss a1O = 0.56 + 0.22 influent - 0.0344 run a for all flow rates 
ss effa = 0.49 + 0.081 influent - 0.0195 run a for all flow rates 
Fifter B 
ss bIO = 0.9 + 0.17 influent - 0.0203 run b for all flow rates 
ss effb = 0.4 + 0.0947 influent - 0.0113 run b for all flow rates 
Fifter C 
0.9 - 0.0232 run c for flow rate 0.1 m/h 
ss CIO 
0.9 + 0.18 influent - 0.0232 run c for the other flow rates. 
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ss effc = 0.441 + 0.0657 influent - 0.0108 run c 
8.3.4.4 Turbidity Models 
Filter A 
0 
tur a1O = 0.244 + 0.151 influent 
0.244 + 0.244 influent 
tur effa = 0.2 + 0.02 influent 
Fifter B 
for all flow rates. 
for flow rate 0.1 m/h 
for flow rates 0.2,0.3 m/h 
for flow rates 0.4,0.5 m/h. 
for all flow rates. 
tur bIO = 0.48 + 0.28 influent - 0.0141 run b for all flow rates 
tur effb = 0.20 + 0.02 influent for all flow rates. 
Filter C 
0.15 + 0.11 influent for flow rates 0.1,0.2 m/h 
tur clO = 
0.15 + 0.40 influent for flow rates 0.3,0.4,0.5 m/h. 
tur effc = 0.2 + 0.02 influent for all now rates. 
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8.4 Comparisons And Discussions 
The models developed (listed in section 8.3) from the experimental 
data are statistically significant and can be used for estimating the 
filtrate quality of the filters. As was discussed in the previous chapter a 
model should be used within the limit of the observations on which it 
is based. Models are limited by the range of the influent quality 
parameters and by their ma., ximum and minimum values. These ranges 
and values are given in table 8.21. Models may give misleading results 
if they are used appreciably outside their limits. 
All the models (except the maturation period models which include 
only the 0.1 m/h period) include only the filtration rates of 0.1,0.2, 
0.3,0.4,0.5 m/h together with two depths of 100 mm and 1.2 m 
below the level of the sand bed. Only three different sand sizes were 
employed (ES = 0.17 mm, ES = 0.35 mm, ES = 0.45 mm) and only 
three temperatures were investigated (25 'C, 15 'C, 5 'Q. 
Table 8.21 Desc iptive statistics of influent data 
Quality parameters Number Standard 
Of Mean Maximum Minimum Median 
observations deviation 
Total Coliform 190 4605 40500 10 2635 
_ 
6087 
-(CFU/100 ml) 
Faecal Coliform 190 1143 12750 10 582 1600 
(CFU/100 ml) 
Suspended Solid 190 6.3 32 0.9 4.4 5.4 
(mg1l) 
Turbidity 190 6.1 37 0.7 3.5 6.9 
(NTU) 
8.4.1 Maturation Period Models 
During the maturation period the temperature was not controlled and 
varied between 15 OC and 30 OC. Inorder to assess the maturation 
process water samples were taken and analysed regularly starting on 
the day following the start-up of the filters and consequently was then 
this sampling carried out regularly twice a week. 
Initially on the day following the start-up of the filters the total 
Coliform bacteria removal for all three filters was about 68 % and the 
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faecal coliform. removal was about 77 %. This removal represented a 
reduction of total coliform bacteria from 735/100 ml to about 
235/100 ml and a reduction of faecal coliform bacteria from 580/100 
ml to about 130/100 ml. The second analyses of the water samples 
were carried out on the sixth day following the start-up of the filters 
and these demonstrated that 99.9 % of the total coliform together 
with 99.9 % of the faecal coliform bacteria were removed. This 
represented a reduction of total coliform count from 4380/100 ml to 
about 6/100 ml and a faecal coliform reduction from 3770/100 ml to 
about 3/ 100 ml. 
Initially the suspended solids removal was complete (100 %) on the 
day following filter start-up but had declined to about 95 % on the 6 th 
day following the start-up. 
As the ammonia removal is sometimes considered to be an effective 
indicator of the maturation process, the ammonia content of the water 
samples was determined at two, three and seven weeks after the filter 
start-up. The average ammonia removal was 15 % after two weeks, 94 
% after three weeks and 91 % after seven weeks. Turbidity removal 
was initially at 86 % and was still at 87 % on the 6 th day after start- 
up. This removal represented a reduction of turbidity of 2 NTU in the 
influent to an average of 0.28 NTU in the filtrates of the three filters. 
The reduction was from 5 NTU to an average filtrate value of 0.64 NTLJ 
on the 6 th day of the run. The filtrate turbidity content was always 
less than I NTU during the maturation period even on the day' 
immediately following start-up. 
Regression analyses were carried out on the data obtained during the 
maturation period to observe the trends especially of the filtrate 
quality, as the number of days of filter operation increased. 
Multiple regression analyses were carried out using the maturation 
period data in the form of the full model shown below: 
Filtrate quality =a+b1 influent 
+ b2 teMperature (temp) 
+N number of days the filter was in operation 
since previous cleaning 
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+b4 number of days the filter was in operation 
since the start (total run) 
+b5 influent * total run 
+ Error. 
The results of the analyses are given in section 8.3.1. 
Each of the variables shown in the full model mentioned above are 
considered to have a possible effect on the filtrate quality during the 
maturation period. The results from the models demonstrated that for 
the removal of faecal coliform, total coliform and suspended solids the 
filtrate quality was independent of the number of days that the filters 
had been in operation. All except one of the turbidity models were 
dependent only on the total run length since the filter had been in 
operation. The suspended solid models were independent of all 
variables in the full model. 
The faecal and total coliform models for the maturation period 
demonstrated that there was no significant evidence to suggest that 
the filtrate quality at the 100 mm levels had improved with run length. 
Also the models from the 1.2 m level were usually independent of all 
the variables in the full model. 
Only the turbidity models revealed a continious improvement in the 
filtrate quality throughout the period with the increasing number of 
days since filters were started. This possibly indicated that a 
maturation process was taking place. 
As the suspended solid models were independent of all the variables 
in the full model there was no pattern associated with run length. 
That it was not possible to observe any discernable pattern of 
improvement of the filtrate quality, in terms of faecal and coliform 
bacteria, as the run length increased may have been due to the fact 
that part of maturation process which affects bacteria removal was 
completed in only a very few days or, that increasing maturity has no 
influence on the mechanisms of bacterial removal. 
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Regression models of the maturation data demonstrated that there 
was no significant improvement of the filtrate quality in terms of total 
and faecal coliform bacteria and suspended solid content with the 
increasing number of days. However, the turbididity models did reveal 
some definite improvement in the filtrate quality with time but on the 
other hand this was hardly significant as the turbidity levels in the 
filtrates were at acceptable levels even at the beginning of the run. 
Traditionally it has been held to be necessary to operate a prolonged 
period of maturation with newly constructed slow sand filters. This 
period may last for as long as six weeks during which the filtered 
water would either be wasted or passedon to another filter. The 
results of this present work appear to show that the need for 
maturation has been wildly over- exaggerated. The filtrates from all 
three filters were of an acceptable quality with regards to turbidity 
levels and suspended con-tents from the day following start-up and by 
the sixth day after start-up 99.9 % of both faecal coliform bacteria and 
of total coliform bacteria were being removed. The indications from 
this is that probably little more than a week is necessary as a 
maturation period for any new slow sand filter. 
However, the ammonia removal increased more slowly from only 15 % 
initially to 94 % after three weeks of operation. The removal of 
ammonia is often suggested as being an indicator of developing 
maturity. However, total coliform and faecal coliform organisms tests 
provide much more reliable evidence about the safety of water than 
can nitrogen analyses (Sawyer et al, 1967). Before the development of 
simple, quick bacteriological tests for determining the quality of 
water, chemical tests such as that of ammonia and nitrogen were 
largely employed (Sawyer et al, 1967). 
The results of this investigation, however, indicate quite strongly that 
there is little value in using ammonia removal as an indicator of 
increasing filter maturity. Not only does the ability of a filter to remove 
indicator organisms of faecal pollution improve far faster than its 
ability to remove ammonia but, contrary to what has previously been 
belived, the removal of ammonia is never total and it would be difficult 
to judge at what level of ammonia removal maturation could be held to 
be complete. 
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8.4.2 Main Investigational Period Models 
One of the principal aims of this investigation was to establish a 
relationship between the wariables such as sand size, sand bed depth, 
temperature, flow rate, influent quality and filtrate quality. It would 
have been better to have been able to produce a single model including 
all the variables (i. e. sand size, bed depth, temperature, flow rate and 
influent quality) for each of the quality parameters considered. Since 
four principle quality parameters were employed, this would have 
meant that four models would have been obtained, each providing an 
estimate of the filtrate quality. Attempts were made to fit a single 
model containing all the design and operational variables to all the 
data obtained for one quality parameter. The model developed was 
then checked to see if the assumptions of regression analysis were 
satisfied by the model. However, as a result of the further analysis it 
was evident that an unacceptable pattern in the residuals and hence 
the assumptions of regression analysis were violated. One of the 
assumptions of regression analysis is that the residuals are normally 
distributed (Anderson et al, 1990). With these multi- regre ssional 
models, however, the pattern in the residuals indicated that the 
residual was not normally distributed and hence violated this 
assumption. This was probably due to the fact that the relationship in 
the data did not have a linear pattern. This is discussed further below. 
To overcome this the usual procedure would be to apply one of the 
transformation techniques to the data in an endeavour to make the 
relationship linear. Transformations such as the logarthmic and 
squareroot transformation were applied to the data but these were not 
able to solve the problem associated with the non-normally distributed 
pattern in the residuals. 
One major reason for this unacceptable pattern in the residuals was 
the apparent step function, or discontinuity, in the data. For example 
the temperature effect was not very pronounced between the 25 OC 
period and the 15 OC period but it was much more noticable between 
15 'C and 5 'C. In addition there was often no influent effect at the 1.2 
m bed depth but a marked influent effect at the 100 mm bed depth. 
Such data which possess a discontinuity cannot be modeled by simple 
continious functions. Therefore an attempt was made to develop a 
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model for each quality parameter and for each temperature and bed 
depth. This process increased tlie nuinber of models from the original 
4 to (4x3x2) 24. 
One other possible reason for the pattern in the residuals of the 
models that included more variables was perhaps the unknown nature 
of the biological activity in the filterbed: in particular the unknown 
effect of the biological activity on the removal of coliform bacteria. 
The models originally developed, and which were not included in the 
thesis as they demonstrated patterns in the residuals, showed that the 
sand size effect was not significant. However, this result must be 
treated with considerable caution as the model is known to be 
inadequate as has been demonstrated above. It is possible that the 
sand size really had no effect. Alternatively it is possible that the effect 
of the parameters such as flow rate and influent quality is different for 
different sand sizes. In other words it is possible that the combination 
of sand size and flow rate combined for example, has an effect rather 
than merely sand size. Hence inorder to obtain more accurate models 
the regression analyses were carried out for each filter (sand size) to 
determine the effect of flow rate, the influent quality and the run 
lengths. Since three filters were employed, the number of models 
increased (24x3) to 72. Each of these models was then checked for 
significance and also checked to see if they fulfilled the assumptions of 
regression anlyses by examining the residuals. All of the models 
reported were satisfactory from this point of view. 
The remaining 24 models (96-72) were developed to investigate the 
trend in the maturation period data. The maturation period models 
consisted of a model for each quality parameter (total and faecal 
coliform, suspended solid and turbidity) for each depth (100 mm, 1.2 
m) of each filter (ES: 0.17 mm, 0.35 mm, 0.45 mm) and hence 
(4x2x3) 24 models were produced. Again each of these models was 
checked for significance and also checked to see if they fulfilled the 
assumptions of regression analyses by examining the residuals. All of 
these models were also satisfactory from this point of view. 
The reduction of the number of models for the practical purposes 
from the initial 72 down to a smaller number is possible. Since the 
suspended solids and turbidity contents of the influent water are 
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reduced to a satisfactory level even at the 100 mm depth and certainly 
at the filtrate level, there is no need to use these models at all. This 
reduces the number of models from 72 to 36. Then as the total 
coliform, bacteria are more resistant to treatment processess than are 
faecal coliform bacteria, if all total coliform bacteria were absent it 
could be assumed that all faecal coliform bacteria would be absent as 
well. Therefore if only the total coliform models were to be employed 
the number of models would be reduced from 36 to 18. Finally, since 
the minimum sand bed depth was suggested as being 600 mm, there 
is no need for practical purposes to use the models created for the 
depth of 100 mm. This reduces the number of models to be employed 
from 18 down to a more realistic 9. 
These 9 total coliform filtrate models can then be used to estimate the 
filtrate content of a slow sand -filter 
for various levels of coliform 
bacteria in the influent and for three different sand sizes and for three 
temperature levels of 25 'C, 15 'C and 5 'C. As a result of this 
reduction in the number of practical models down to a realistic 9 
these models become useful tools for assisting the designer to make a 
decision on sand size and filtration rates under various influent and 
climatic conditions. 
8.4.2.1 Faecal Coliform Removal 
It can be seen from the models that usually faecal coliform removal 
decreased with increasing filtration rates at both the 100 mm and 1.2 
m filter bed level. However, the decrease was more severe at the 100 
mm level than at the 1.2 m level. 
Faecal coliform bacteria models will be discussed in this section for all 
periods and flow rates. in order to illustrate how the models work and 
to make understanding of the models easier, a point estimate of the 
models will be employed for explanation. The faecal coliform quality of 
the filtrate is estimated using the relevant models for all the filter 
beds filtration rates, temperatures and filter bed depths for the 
situation in which the influent faecal coliform content is 1000/ 100 ml 
(table 8.22). 
From the models, (and table 8.22), it can be seen that at 1.2 m level all 
the filters have performed very well even under the most rigorous 
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conditions such as those of 5 OC and 0.5 m/h filtration rate. No 
significant difference in the performance of the filters due to different 
sand sizes was noticeable. They all removed faecal coliform. bacteria 
excellently. At 5 'C filter A seemed to have performed in a slightly 
poorer manner than the other filters. The difference was probably due 
to the frequency of cleaning of filter A which was necessary every few 
days. If the models for the filtrate from the 100 mm sand level are 
examined (table 8.22) it can be seen that filters' performances were 
excellent at all flow rates during the 25 OC period. However it was 
obvious that with the higher flow rates of 0.4 m/h and 0.5 m/h 
substantially more bacteria were penetrating deeper into the sand. 
With decreasing temperature (to 15 OC and then to 5 'C) penetration 
of bacteria deeper into the bed was noticeable even at the flow rate of 
0.1 m/h and was even more severe at the higher flow rates. 
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Neverthless, most of the bacteria (except 5 OC period) were still 
removed within the top 100 mm of sand. 
25 2C period, Filter A (ES EE 0.17 
For the 100 mm sand bed level the intercept is the same for all the 
flow rates and the model predicts a value of about 2 bacteria at the 
flow rate of 0.1 m/h. The slope of the influent line is 0.13 for the flow 
rates of 0.3 and 0.4 m/h which gives an estimate of about 31 faecal 
coliform /100 ml with an influent content of 1000 faecal coliform 
(table 8.22). The slope of the influent line however, nearly doubled at 
the flow rate of 0.5 m/h to 0.22, giving an estimate of the filtrate faecal 
coliform count to be 71/100 ml (table 8.22). 
For the 1.2 m sand bed level, however, the model is the same for all 
the flow rates and it is independent of the influent and gives an 
estimate of about 0.50 faecal coliform /100 ml (assumed to be zero for 
practical purposes) for all filtration rates. 
25 2C Period. Filter B (ES = 0.35) 
The intercept of the model is the same for all the filtration rates and 
gives an estimate for 100 mm below the sand surface of about 6. o 
faecal. coliform/100 ml for the flow rates 0.1 and 0.2 m/h (table 8.22). 
The slope of the influent is 0.13 for the flow of 0.3 m/h, giving an 
estimate of about 43 faecal coliform /100 ml for the situation with 
1000 faecal coliform /100 ml in the influent (table 8.22). The slope of 
the influent, however, more than doubled to 0.32 for the flow rates 0.4 
and 0.5 m/h, giving, again for the situation with 1000/100 ml faecal 
coliforms in the influent, an estimated number of 158 faecal coliform. 
/100 ml in the filtrate from 100 mm below the sand surface (table 
8.22). 
For the effluent from the 1.2 m sand level, the model is constant for 
all flow rates and gives an estimate of faecal coliforms of 0.24 for now 
rates of 0.1 and 0.2 m/h. This for practical purposes can be assumed 
to be zero. For the flow rates 0.3,0.4 and 0.5 m/h the model gives ar, 
estimate for the faecal coliform content of the filtrate of 3.5 /100 ml. 
252C Period, Filter C (ES = 0.45 mm) 
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For the 100 mm sand bed level the intercept of the model is the same 
for all flow rates and gives an estimate of a constant 2.0/100 ml faecal 
coliform in the filtrate from the 100 mm below the sand surface (table 
8.22) The slope of the influent is 0.06 for the flow rate 0.2 m/h giving 
an estimate of 11.0 faecal coliform/100 ml. For the flow rate of 0.3 
m/h the slope is increased 3.5 times to 0.21 giving an estimated 65 
faecal coliform /100 ml and is increased again to 0.38 at filtration 
rates of 0.4 and 0.5 m/h giving an estimated 181 faecal coliform /100 
ml . 
For the effluent from the 1.2 m sand bed level, the model is constant 
for all filtration rates and gives an estimate of faecal coliforms of 0.01 
faecal coliform/ 100 ml for a flow rate of 0.1 m/h. This can be assumed 
to be zero (table 8.22). The model is the same for the flow rates of 0.2, ý 
0.3,0.4 m/h and gives an estimated faecal coliform count of 0.75/100 
ml. For the flow rate of 0.5 m/h the model gives an estimated 1.0 
faecal coliform /100 ml in filtrate. 
15 QC Period, Filter A (ES = 0.17 mm) 
For the 100 mm sand bed level the intercept of the model is the same 
for all flow rates but the slope is zero at the 0.1 m/h flow rate. The 
model gives estimated 5 faecal coliform/100 ml in the filtrate at 100 
mm below the sand surface for the situation with 1000 faecal coliform 
/ 100 ml in the influent (table 8.22). The slope of the influent is 0.15 
in the model giving an estimated 50 faecal coliform /100 ml at the 
filtration rates of 0.2,0.3 and 0.4 m/h. The slope of the influent in the; 
model was increased 2.4 times at the flow rate of 0.5 m/h to 0.36 to 
give an estimated 187 faecal colifom /100 ml in filtrate (table 8.22). 
For the filtrate from the 1.2 m sand level the model is constant and 
gives an estimated faecal coliform count of 0.01 (which for practical 
purposes can assumed to be zero) at filtration rates of 0.1,0.2 and 0.3 
m/h for the situation where 1000 faecal coliform bacteria /100 ml are 
present in the influent. The slope of the influent in the model is 0.02 
and gives an estimate of 0.54 which can also for practical purpose 
assumed to be zero faecal coliform /100 ml. The slope is increased to 
0.09 at flow rate of 0.5 m/h giving an estimate of 8.7 (assumed to be 
9-0) faecal coliforms /100 ml in the filtrate. 
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15 2C Period, Filter B (ES = 0.35 mm) 
For the filtrate from the 100 mm sand depth surface of filter B at the 
flow rate 0.1 m/h the model is a constant. This is also the intercept of 
the model for the other flow rates, and gives an estimated count of 
about 17.0 faecal coliform /100 ml (table 8.22) . 
For the situation where 1000 faecal coliform /100 are present in the 
influent the slope of the influent is 0.14 giving an estimate of 73 faecal 
coliform /100 ml at the flow rate of 0.2 m/h. The slope is increased to 
0.29 at the filtration rate of 0.3 m/h and to 0.41 at the flow rates of 0.4 
and 0.5 m/h, giving estimated counts of faecal coliform of 176/100 nil 
and 291/100 ml respectively (table 8.22). 
For the situation where the influent faecal coliform content is 
1000/100 ml the model is a constant for the filtrate from the 1.2 m 
sand bed level and is 0.26 for the filtration rates of 0.1 and 0.2 m/h 
and 1.74 for the flow rates of 0.3,0.4 and 0.5 m/h, giving an estimated 
zero/100 ml and 3.0/100 ml faecal coliform in the filtrate. 
15 2C Period, Filter C (ES = 0.45 mm) 
For the 100 mm sand depth and for the situation with 1000 faecal 
coliform / 100 ml in the influent the model is unlike the others and as 
not a constant at the flow rate of 0.1 m/h. The intercept of the model 
is 2.3 and the slope of the influent is 0.11 giving an estimated 33 
faecal coliform / 100 ml in the filtrate. While the intercept remains the 
same, the slope of the influent is increased to 0.30 at the filtration 
rates of 0.2,0.3,0.4 and 0.5 m/h giving an estimated 139 faecal 
coliform / 100 ml. 
For the effluent from the 1.2 m sand level and for the situation of 1000 
faecal coliform /100 ml present in the influent the model is a constant 
and estimates zero faecal coliforms /100 ml for the filtration rates of 
0.1 and 0.2 m/h. The model is a constant for the flow rates of 0.3 and 
0.4 ml, giving an estimated 0.81/100 ml faecal coliform. The model is,,, 
not a constant at the 0.5 m/h filtration rate and the influent has a 
slope of 0.04, giving an estimated faecal coliform count of about 5/100' 
lnl in the filtrate (table 8.22). 
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5 PC Period. Filter A (ES = 0.17 mm) 
In the filtrate from the 100 mm sand level at the flow rate of 0.1 m/h 
when the influent has 1000 faecal coliform /100 ml the model is a 
constant and gives an estimated 19 faecal coliform /100 ml. The slope 
of the influent in the model is 0.34 at the flow rates of 0.2 and 0.3 m/h 
and the slope is nearly doubled to 0.66 as the flow rates increase to 
0.4 and 0.5 m/h, giving an estimated 230/100 ml and 639/100 ml of 
faecal coliform (table 8.22). 
The 1.2 m depth model for 1000 faecal coliform/100 ml in the 
influent is also a constant at 0.1 m/h flow rate but the influent has 
slope of 0.10 at the 0.2 and 0.3 m/h flow rates. The slope is then 
neraly doubled to 0.17 at the flow rates of 0.4 and 0.5 m/h. The model 
gives an estimated faecal coliform count of 0.81/100 ml at the flow 
rate of 0.1 m/h, 16/100 ml at the flow rates of 0.2 and 0.3 m/h and 
39/100 ml at the flow rates of 0.4 and 0.5 m/h (table 8.22). 
5 2C Period. Filter B (ES E 0.35 mm) 
In the filtrate from 100 mm below the sand surface with a faecal 
coliform content of 1000/100 ml in the influent the model is a 
constant at the flow rate of 0.1 m/h and gives an estimated 180 faecal 
coliform/100 ml (table 8.22). The model has an intercept of 3.9 at all 
the other flow rates. The slope of the influent is 0.33 at flow rates of 
0.2 and 0.3 m/h and more than doubled to 0.71 for the flow rates of 
0.4 and 0.5 m/h. The model gives an estimated filtrate quality in terms 
of faecal coliform of 205/ 100 ml at the flow rates of 0.2 and 0.3 m/h 
and 694/100 ml at the flow rates of 0.4 and 0.5 m/h (table 8.22). 
For the filtrate from 1200 mm below the sand surface with the faecal 
coliform content at 1000/100 ml the slope of the influent in the 
model is zero for the flow rates of 0.1,0.2 and 0.3 m/h but the slope of 
the influent is 0.08 at the flow rate of 0.4 m/h and about trippled to 
0.22 at the flow rates of 0.5 m/h. The model gives an estimated filtrate 
quality about 2/ 100 ml at the flow rates of 0.1,0.2 and 0.3 m/h and 16 
faecal coliform /100 ml at the flow rates of 0.4,0.5 m/h . 
[ter C(S=0.45 mm) 
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For the 100 mm sand level with 1000 faecal coliform, present in 100 
ml of the influent the model is constant at the flow rate of 0.1 m/h and 
does not have an intercept. The slope of the influent in the model is 
0.34 at the flow rate of 0.2 m/h. The slope more than doubled to 0.75 
for the flow rates of 0.3,0.4 and 0.5 m/h. The model gives an 
estimated faecal coliform concentration of 562/100 ml in filtrate at 
the flow rates of 0.3,0.4 and 0.5 m/h (table 8.22). 
For the 1.2 m sand level the model is constant at the flow rates of 0.1 
and 0.2 m/h and is independent of the influent (slope of the influent is 
zero) but the slope of the influent is 0.17 at the flow rates of 0.3,0.4 
and 0.5 m/h. With 1000 faecal coliform /100 ml present in the 
influent the model gives an estimated 0.64 faecal coliform /100 ml at 
the flow rates of 0.1 and 0.2 but 38 faecal coliform / 100 ml at flow 
rates of 0.3,0.4 and 0.5 m/h (table 8.22). 
8.4.2.2 Total Coliform Removal 
The total coliform bacteria contents of the filtrates both from the 100 
mm bed level and from the 1.2 m bed level were estimated using the 
relevant models for all filter beds, filtration rates and temperatures for 
the case where the total coliform content of the influent was 
5000/100 ml (table 8.23). 
It can be seen from the models, and table 8.23, that the total coliform 
removal was excellent at the 1.2 m sand bed level for the lower flow 
rates and gradually deteriorates as the filtration rate was increased. 
This deterioration was particularly evident for the higher flow rates at 
the temperatures of 15 'C and 5 'C. Despite this the total coliform. 
removal at the higher flow rates could be considered to be very good 
for all conditions at 1.2 m bed depth for all of the filters. This 
estimated quality deterioration was more severe for the filtrate from 
the 100 mm bed level, especially under low temperature conditions. 
However, a large proportion of the bacteria was always removed within 
the top 100 mm of sand. Even with the worst conditions of 5 OC and 
filtration rate of 0.4 
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and 0.5 m/h, half of the total coliform. was still removed within the top 
100 mm sand bed. These estimates indicate that it is the 
schmutzdecke that is probably the most effective section of the filter 
for the removal of total coliform. bacteria. 
8.4.2.3 Suspended Solid Removal 
In this section the suspended solid removals is discussed briefly for all 
periods and flow rates. In order to demonstrate how the models work 
and inorder to understand the workings of the model point estimates 
were again produced (table 8.24). The suspended solids content of the 
filtrates was estimated using the relevant models for all the filter beds, 
filtration rates, temperatures and quality of the filtrate from the 100 
mm and 1.2 m. sand bed levels when the influent suspended solids 
content was 10 mg/l. It can be seen from table 8.24 that the 
suspended solid content of the filtrates both from 100 mm and 1.2 m 
levels was independent of flow rate during both the 25 'C and 15 'C 
periods. It can also be seen from the models that the suspended solids 
content of the filtrates both from the 100 mm sand bed level and from 
the 1.2 ni level was independent of the influent during both the 25 'C 
and 15 'C periods. 
From table 8.24, it can be seen, that although the models were 
different for different filter beds almost all the estimates for the 
quality of filtrates were less than 1.0 mg/l suspended solids except for 
the case of the filtrate at 5 OC. It can be concluded that the suspended 
solids content of the influent water is usually removed by slow sand 
filters to an acceptable level within the top 100 mm depth of sand, 
provided the influent suspended solid content is within or near to the 
limits of the models. The majority of the suspended solids was always 
removed within the top 100 mm of the sand bed. Should the 
suspended solids content of the influent water be substantially greater 
than that assumed in the models it is still probable that the filtrate 
quality from a depth of 1.2 m would be good although more frequent 
clogging might occur. 
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8.4.2.4 Turbidity Removal 
In order to illustrate how the models work and to make understanding 
them easier, point estimates of the models were again produced. The 
turbidity contents of the filtrates both from the 100 mm sand bed 
level and the 1.2 m bed level were estimated using the relevant 
models for all the filter beds, filtration rates and temperatures for the 
situation where the turbidity content of the influent was 10 NTU (table 
8.25). 
It can be seen from the models that the turbidity in the filtrate from 
the 1.2 m level is largely independent of the influent value. It is also 
independent of the flow rates and the sand sizes. Although the 
different models give different estimates of turbidity, from an 
engineering point of view this difference is not important. The 
turbidity content of the filtrates for all conditions of the investigation 
was less than 0.4 NTU (table 8.25). The models also indicated that the 
turbidity content of the filtrate at the 100 mm level was independent 
of the influent turbidity quality for all results at 25 'C and 15 'C but not 
at 5 'C. 
The models show different values for different flow rates and different 
filter beds. At 25 'C and 15 'C these differences were not significant 
from an engineering point of view and can be accepted as being less 
than 1.0 NTU for all of the conditions except for those at 5 'C. Most of 
the turbidity, however, was constantly removed within top 100 mm. of 
, ), I sand bed. 
8.5 Intermediate 200,, 4009 600 mm Depths Of The Filters 
Faecal coliform and total coliform counts were carried out on about 
three occasions for samples taken at each of the 200,400 and 600 
mm depths for each flow rate at each temperature. 
Mean faecal. and total coliform bacteria influent and filtrate values from 
the 100,200,400,600, and 1200 mm depths were calculated for 
each filter for the different temperature periods and from the mean 
values percentage removal figures were calculated (tables 8.26,8.27, 
8.28). Also, by comparing the 600 mm faecal and total coliform 
bacteria counts with the 1200 mm faecal and total coliform counts a 
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significant difference in the degree of removal was observed (table 
8.28). 
Table 8.26 Percentage removal of faecal coliform bacteria at each level 
of the filters. 
Temp. 
OC 
Filter 0-100 
(mm) 
100 - 200 
(mm L 
200 - 400 
m) 
400 - 600 
(mm) 
600 - 1200 
(mm) 
25 A 92 
- 
4.9 1.8 0.4 0.5 
25 B 88 2.6 5.5 1.7 0.1 
25 C 84 5.3 5.9 3.5 0.5 
15 A 89 10.2 0.0 0.0 0.0 
15 B 81 15.9 1.6 0.3 0.1 
15 C 84 13.6 1.1 0.5 0.2 
5 A 56 22.5 15.4 0.8 0.0 
5 B 51 22.5 18.2 4.6 0.5 
5 C 58 17.5 17.9 2.4 0 
8.5.1 Faecal Coliform Removal 
From table 8.26 it can be seen that about 85 % of the influent faecal 
coliform bacteria were removed by the three filters within the first 
100 mm sand depth at 25 OC. By the 200 mm depth, the 400 mm 
depth and the 600 mm depths additional percentage removals of 4.3 
%, 4.5 % and 1.9 % were achieved. The final 600 mm depth of sand to 
the 1200 mm level only added an additional 0.7 % to the total 
percentage removed. 
At 15 'C 88 % removal was achieved by the 100 mm level. Further 
increases of about 13 %, I% and 0.3 % were obtained at the 200 mm, 
400 mm and 600 mm depths The last 600 mm depth of sand 
removed only an additional 0.1 %. 
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Table 8.27 Percentage removal of total coliform bacteria at each level 
of the filters. 
Temp. 
OC 
Filter 0-100 
(mm) 
100 - 200 
(mm) 
200 - 400 
(mm) 
400 - 600 
(mm) 
600 - 1200 
(mm) 
25 A 95 1.9 2.5 0.2 0.2 
25 B 95 1.3 2.2 0.4 0.2 
25 C 94 1.9 2.8 0.8 0.2 
15 A 89 9.3 0.5 0.2 0.2 
15 B 83 14.2 1.4 0.0 0.5 
15 C 85 12.7 1.1 0.1 0.6 
5 A 68 21.6 5.1 1.9 0.4 
5 B 61 27.2 6.4 2.8 0.9 
5 C 69 20.6 6.5 1.2 
1 
0.5 
_j 
Table 8.28 Significance of faecal and total coliform bacteria removal 
between 600 - 1200 mm epth levels 
Temperature 
(OC 
Bacteria 
type Filter A Filter B Filter C 
25 Faecal coli 
25 Total coli 
15 Faecal coli 
15 Total coli 
5 Faecal coli 
5 Total Coli 
Significant at 5% level 
Significant at I% level 
Significant at 0.1 % level. 
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At the 5 'C about 55 % of the influent faecal coliform was removed 
within the first 100 mm depth from all three filters with the removal 
increasing by about 20 % at the 200 mm level. The removal then 
increased by about 17 % at the 400 mm level and by a further 2.6 % at 
the 600 mm. level. The final 600 mm depth only removed a further 
0.5%. 
In general it appears that the faecal coliform bacteria removal 
increases with increasing temperature within the first 100 mm level 
while higher proportions were removed within the second 100 mm 
depth and then between the 200 and 400 mm levels with decreasing 
temperature. 
At all three temperatures, however, more than about 95 % of the 
faecal coliform bacteria were removed by the filters within the first 
400 mm sand bed level. With all the temperatures investigated only 
about 0.5 % of the faecal coliform bacteria were removed in the last 
600 mm depth of the sandbed. 
However, it can also be seen from table 8.28 that the faecal coliform 
removal between 600 - 1200 mm levels of the filters are statistically 
significant. 
8.5.2 Total Coliform Removal 
From table 8.27 it can be seen that total coliform bacteria removal 
followed, as expected, very similar patterns to those of the faecal 
coliform bacteria. About 95 % of the influent total coliform bacteria 
were removed by the filters within the first 100 mm sand depth at 25 
'C period. The further removal was about 1.7 % between the 100 - 200 
mm levels, about 2.5 % between the 200 - 400 mm levels, about 0.5 % 
between the 400 - 600 mm levels and only 0.2 % between the 600 - 
1200 mm levels. 
During the 15 IC temperature period the removal dropped to about 86 
% within the first 100 mm sand depth of all the filters while it 
increased to about 12 % between the depths of 100 and 200 mm. The 
removal below 200 mm was less than about I% at the 15 OC period. 
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At 5 OC while the proportion of removal further decreased to about 66 
% within the first 100 mm sand depth, it was again further increased 
to about 23 % between the 100 - 200 mm sand levels. The percentage 
removal was then about 6% between the depths of 200 - 400 mm and 
a further 2% between 400 and 600 mm. Finally about 0.6 % was 
removed between the 600 - 1200 mm levels of the filters. 
Similar to the faecal coliform removal, in general, it can be suggested 
that the portion of total coliform bacteria removed decreased with 
decreasing temperature within the first 100 mm sand depth. Also the 
proportion of the total coliform removed between the depths of 100 
and 200 mm increases with decreasing temperature. About 99 % of 
the influent total coliform bacteria however, were removed within the 
first 400 mm. depth of sand and the portion removed between the 600 
and 1200 mm levels was again less than 0.5 
Both faecal and total coliform bacteria removals declined with 
decreasing temperature within the first 100 mm of the sand bed. 
Thus, it can be suggested that faecal and total coliform bacteria 
removal was the result of biological activity and that the biological 
activity extended up to a depth of about 400 mm of the filters (as 
modelled in the next chapter). 
The total coliform bacteria removals between the depths of 600 - 
1200 mm levels of the filters were also statistically significant at all 
the temperatures investigated (table 8.28). 
8.6 Other Results 
Some other parameters were determined both for the influent and for 
the filtrate (from 100 mm sand depth and from the 1.2 m sand 
depth). These extra parameters were ammonia, nitrate, dissolved 
oxygen, total organic carbon, pH, colour and electrical conductivity. 
8.6.1 Ammonia / Nitrates 
Ammonia / nitrates tables were produced from the measurements 
made during each period of the investigation (tables 8.29,8.30,8.31). 
The box plots of ammonia measurements for each filter with the data 
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obtained during the whole research period is also produced (figures 
8.24,8.25,8.26). 
From the tables and the figures, it can be seen that ammonia removal 
was mostly higher at 1.2 m sand bed level than at the 100 mm level 
for all filters and all temperatures. There was no statistically 
significant difference between the ammonia content of the filtrate 
from filter A, filter B or filter C either at the 100 mm sand bed level or 
the 1.2 m level. 
The average ammonia concentration in the influent was 0.9 mg/l and 
average ammonia concentration in the filtrates of all the filters was 0.3 
mg/l. Thus, the average removal of ammonia was 0.6 mg/l. 
Also there was no statistically significant difference between the 
nitrate content of the three filtrates either from 100 mm sand bed 
level or from the 1.2 m level. 
The average nitrate concentration in the influent was 3.9 mg/I and 
average nitrate concentration in the filtrates of the three filters was 
4.2 mg/l. 
8.6.2 Dissolved Oxygen 
Dissolved oxygen determinations were carried out for the water in the 
reservoir immediately above the sand bed and for the filtrate from the 
bottom of the sand bed. The results are given in table 8.32 and the box 
plot of the data has also been produced (figure 8.27). There was no 
significant difference between the influent values for the various filters 
which averaged around 6.7 mg/l. Also there was no significant 
difference between the filtrate values which averaged about 5.1 mg/l. 
This means that about 1.6 mg/l (6.7 - 5.1) dissolved oxygen was used 
up during the purification proceses. Surprisingly quite a substantial 
amount of the dissolved oxygen however was still present after the 
filtration process, hence there is no evidence to suggest that any 
anoxic conditions developed in the filters. 
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Figure 8.24 Box plot of ammonia measurements of filter A 
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Table 8.32 Dissolved oxygen measurements. 
Dissolved Oxygen (D ) (mg/1) 
Temperature- 
Flow rate 
(OC - m/h) 
hdA Inf B inf C Eff A Eff B Eff C 
15-0.4 5.45 5.40 5.50 4.45 4.30 4.45 
15-0.5 7.50 7.40 7.40 6.60 6.80 6.25 
5-o. 1 7.15 7.10 7.05 5.55 4.60 4.45 
5-0.2 6.30 5.95 6.20 4.60 4.10 4.80 
5-0.3 6.05 6.15 6.60 4.35 4.80 4.90 
5-0.4 6.80 6.50 6.50 4.90 4.70 4.80 
5-0.5 8.15 8.05 7.85 5.65 6.00 6.30 
Inf A, Inf B, Inf C are influent D. O. values of filter A, filter B, filter C 
LEff A, Eff B, Eff C are filtrate D. O. values of filter A, filter B, filter C. 
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Figure 8.27 Box plot of dissolved oxygen measurements. 
8.6.3 Total Organic Carbon 
The Total Organic Carbon (TOC) content of the influent and filtrates 
was measured on one occasion only for each of the different conditions 
investigated. Samples were taken both from the 100 mm and 1200 
mm depths. The results are given in table 8.33 and box plots of the 
measurements are produced in figures 8.28 and 8.29. From table 8.33 
and figure 8.28 it can be seen that there was significant evidence that 
some of TOC content of water was removed by the filters even by the 
100 mm sand bed level. There was no evidence however to suggest 
that there was any difference between the three filter beds in 
removing TOC (figures 8.28 and 8.29). 
8.6.4 Dissolved Oxygen Consumption 
The average TOC concentration in the influent was 4.1 mg/l and the 
average value of TOC concentration in the filtrates of the three filters 
was 3.4 mg/l. Thus, the average removed amount of TOC was 0.7 mg/l. 
This amount of TOC requires (2.6 * 0.7) 1.8 mg/l of dissolved oxygen 
to satisfy it which was about equal to the amount of dissolved oxygen 
consumed during filtration process through the filter beds (section 
8.6.2). 
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A mean value of 0.6 mg/l of ammonia was removed while an average 
increase of 0.3 mg/l of nitrates was recorded (section 8.6.1). it 
appears to be that an average 0.3 mg/I of the removed ammonia was 
nitrified and as was pointed out in chapter four about 1.5 mg/l of 
dissolved oxygen is required for nitrification of 0.3 mg/l of ammonia. 
Removal of the rest of the ammonia (0.6-0.3=0.3 mg/1) was probably a 
result of assimilation and hence it was removed by anabolic uptake. 
However from the dissolved oxygen measurements it can be seen that 
there was not a sufficient oxygen consumption through the filters to 
meet the demand of both the TOC removal and nitrification. This was 
probably because the dissolved oxygen was measured only for a few 
occasions. Although these dissolved oxygen figures were very 
consistent, most of them were measured during the 5 'C period and 
perhaps were not representative of the 25 OC and 15 OC periods. 
8.6.5 Colour And pH 
Colour and pH determinations were carried out periodically for the 
influent and for the samples taken from the 100 mm and 1.2 m levels. 
The results of the colour measurements are given in table 8.34 and the 
pH measurements are given in table 8.35. The box plot of the colour, 
measurements is given in figure 8.30 and that for the pH values is 
given in figure 8.31. From the relevant tables and figures it can be 
concluded that for both pH and colour measurements, there was only 
marginal evidence to suggest that either of these parameters were 
reduced by the 100 mm bed level or even at the 1.2 m level. Also 
there was no evidence to suggest that any one of the filters reacted 
differently from any other in reducing either of these parameters. 
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Table 8.33 Total Organic Carbon (TOC) measurements 
TOC (Filtered) (mg/1) 
Temperature- 
Flow rate 
(OC - m/h) 
Lafluent A10 B10 
I 
C10 Eff A Eff B Eff C 
25-0.4 3.80 3.70 4.00 4.40 3.90 4.55 
- 
3.85 
25-0.5 7.20 5.10 10.0 6.50 4.70 6.70 7.00 
15-0.1 5.50 4.70 5.40 5.70 5.30 5.10 4.90 
15-0.2 3.10 3.40 2.45 2.95 2.45 2.90 2.60 
15-0.3 2.85 2.95 2.85 2.50 2.30 2.50 2.40 
15-0.4 2.60 <0.5 2.50 2.70 2.40 2.60 2.40 
15-0.5 7.40 6.60 6.60 6.20 5.70 5.60 5.50 
5-0.1 3.40 2.80 2.85 2.60 2.10 2.05 2.15 
5-0.2 2.51 2.57 2.43 2.45 2.36 2.30 2.34 
5-0.3 6.70 3.10 2.83 3.10 2.72 2.60 2.54 
5-0.4 2.20 2.62 2.14 2.37 2.54 2.04 2.01 
5-0.5 2.83 2.95 2.72 2.94 2.51 2.70 2.68 
A10, BIO, CIO are filtrate from 100 mm below sand surface of filter A, 
filter B, filter C. 
Eff A. Eff B. Eff C are filtrate of filter A, filter B, filter C. 
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Table 8.34 Colour measurements 
Colour (Hazen Units) (HU) 
Temperature- 
Flow rate 
(OC - m/h) 
Influent A10 B10 clo Eff A Eff B Eff c 
m-0.1 5 5 5 < <5 <5 <5 
m-0.1 5 <5 <5 <5 <5 <5 <5 
m-0.1 5 <5 <5 < <5 <5 <5 
25-0.2 5 <5 <5 <5 <5 <5 <5 
25-0.2 10 5 5 5 <5 <5 <5 
25-0.2 50 5 10 10 5 10 10 
25-0.1 25 15 15 15 15 10 10 
25-0.3 15 10 15 10 10 10 10 
25-0.3 20 15 20 15 10 10 10 
25-0.4 15 10 10 10 10 10 10 
25-0.5 30 25 25 25 25 25 25 
15-0.1 25 20 20 20 20 20 20 
15-0.2 10 5 5 7.5 5 5 7.5 
15-0.3 15 15 15 15 15 15 15 
15-0.4 15 10 10 10 10 10 10 
15-0.5 15 10 10 10 10 10 10 
5-o. i 85 60 85 60 40 60 60 
5-0.2 20 15 15 15 15 15 10 
5-0.3 10 10 10 10 7.5 7.5 7.5 
5-0.4 10 10 10 10 7.5 7.5 7.5 
5-0.5 10 10 10 10 7.5 10 7.5 
M: Maturation period, non controlled temperature. 
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Table 8.35 pH measurements 
Temperature- 
Flow rate 
(OC m/h) 
Lafluent A10 B10 cio Eff A Eff B Eff C 
M-0.1 8.0 8.0 7.0 8.1 8.1 8.1 8.1 
M-0.1 
_8.3 
8.3 8.3 8.3 8.3 8.4 8.3 
M-0.1 8.2 8.1 8.1 8.2 8.1 8.1 8.2 
25-0.2 8.4 8.1 8.3 8.0 8.3 8.2 8.2 
25-0.2 8.4 8.4 8.4 8.4 8.4 8.5 8.5 
25-0.2 7.9 7.7 7.6 7.7 7.9 7.7 7.9 
25-0.1 8.3 7.8 7.8 8.0 7.8 7.8 7.8 
25-0.3 8.0 8.0 8.1 8.2 7.9 7.9 7.8 
25-0.3 8.1 7.9 8.1 7.9 7.7 7.6 7.6 
25-0.4 8.0 8.1 8.1 8.1 8.1 8.1 8.0 
25-0.5 8.2 8.2 8.2 8.2 8.1 8.0 8.1 
15-0.1 8.0 8.0 7.9 8.0 8.1 8.0 7.9 
15-0.2 8.2 8.1 8.0 8.1 8.1 8.0 8.0 
15-0.3 7.9 8.0 8.0 8.0 8.0 8.0 8.0 
15-0.4 8.2 8.1 8.1 8.2 8.0 8.0 8.0 
15-0.5 7.9 8.0 7.9 7.9 7.7 7.7 7.7 
5-0.1 7.7 7.5 7.7 7.6 7.7 7.7 7.7 
5-0.2 7.9 7.9 8.2 7.9 7.7 7.7 7.7 
5-0.3 7.9 7.9 8.1 8.0 7.9 7.9 7.9 
5-0.4 7.9 7.9 7.9 7.9 7.9 7.9 7.9 
5-0.5 8.0 8.0 8.0 8.0 7.9 7.9 7.9 
M: Maturation period, non controlled temperature. 
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8.6.6 Electrical Conductivity 
Electrical conductivity measurements were carried out on samples of 
the influent and of the filtrates from the 100 mm sand bed level and 
from the 1.2 m level. The results are given in table 8.35 and a box plot 
of the results is produced in figure 8.32. Since electrical conductivity 
measurements are an indication of the dissolved solids levels in the 
water and as these cannot be removed by slow sand filtration the 
results shown in table 8.36 and figure 8.32 merely support this 
recognised fact. 
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Figure 8.32 Box plot of electrical conductivity measurements 
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Table 8.36 Electrical conductivity measurements 
Electrical Co nducti ty (ýts /c m) 
Temperature- 
Flow rate 
(OC - xn/h) 
Influent A10 BIO Cio Eff A Eff B Eff C 
M-0.1 765 765 765 765 757 765 757 
M-0.1 747 747 747 747 747 747 747 
M-0.1 717 717 717 717 717 717 669 
M-0.1 694 694 684 684 684 684 684 
25-0.2 726 717 717 726 717 717 717 
25-0.2 720 686 686 686 686 686 686 
25-0.2 429 429 429 429 429 429 429 
25-0.1 938 873 873 873 884 884 884 
25-0.3 1014 1034 1034 1034 1034 1014 1034 
25-0.3 1115 1115 1115 1115 1115 1115 1115 
25-0.4 1652 1594 1594 1652 1594 1629 1594 
25-0.5 940 940 940 940 940 940 940 
15-0.1 709 709 709 709 709 720 720 
15-0.2 769 747 769 769 747 769 769 
15-0.3 782 782 782 782 772 782 782 
15-0.4 766 766 766 766 766 766 766 
15-0.5 669 669 669 669 669 669 669 
5-0.1 702 702 702 702 702 702 702 
5-0.2 1070 1070 1070 1070 1070 1070 1070 
5-0.3 1040 1040 1040 1040 1040 1040 1040 
5-0.4 1060 1060 1060 1060 1060 1060 1060 
5-0.5 1253 1253 1253 1253 1253 12 .5A 1253 
M: Maturation period, non controlled temperature. 
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8.7 Resume 
Some specific points concerned with analysis of the experimental data 
were explained in this chapter and examples of the analyses were 
included. All the models developed from the experimental data, which 
were produced during the operation of the three laboratory- scale slow 
sand filters, were listed in section 8.3. All of these models are 
statistically significant and helpful both for estimating the filtrate 
quality of a slow sand filter under different conditions and also for the 
better understanding of slow sand filters. In table 8.37 both the 
significance and the coefficient of determination are listed for each of 
the models listed in section 8.3. In table 8.37, the R-squared values 
(the coefficients of determination) which indicate the amount of 
variability in the data explained by the models. The R-squared 
(adjusted) figures represent the value of R-squared ad usted according j 
to the number of independent variables involved in the model. The F 
values are the F-statistics which are a measure of the significance of 
the models. 
Some of the important results of this chapter are: 
1- For maturation period, the faecal and total coliform bacteria and the 
suspended solids models demonstrated that the filtrate quality was 
independent of the number of days that filters had been in operation 
for both 100 mm and 1.2 m sand levels. At the 1.2 m sand level, the 
models (all the models except fe effc and tu models) were usually 
independent of all the variables in the full model. 
2- Suspended solids removal during the maturation period was 
independent of all the variables in the full model (all ss models). 
However, turbidity removal during the maturation period improved 
with the number of days since the filters were started. 
3- The faecal coliform models for the main investigational periods 
showed that faecal coliform removals decreased with increasing 
filtration rates at both 100 mm and 1.2 m filter bed level. 
4- No significant difference in the performance of the filters as a 
result of the different sand sizes was noticeable at the 1.2 m sand level 
for any parameters (fc, te, ss and tur). 
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5- During the 25 OC period, with the higher flow rates of 0.4 m/h and 
0.5 m/h, substantially more bacteria penetrated deeper into the sand. 
With the decrease in the temperature to 15 OC and then 5 'C the 
penetration of bacteria was noticable even at the lowest flow rate of 0.1 
m/h and was much more severe at the higher flow rates. 
6- The total coliform removal was excellent at the 1.2 m sand bed 
level for the lower flow rates and gradually deteriorated with 
increasing filtration rate. This deterioration was more evident at the 
higher flow rates of the 15 'C and 5 'C periods. Also the total coliform 
removal in the filtrate from 100 mm sand level severely deteriorated 
at the higher filtration rates during the 15 OC and 5 'C periods. 
However, a large proportion of the bacteria was always removed within 
the top 100 mm. depth of sand. 
7- The suspended solids content of the filtrates, both from the 100 
mm and 1.2 m sand levels was independent of influent suspended 
solids content during both the 25 'C and the 15 'C periods and was 
mostly less than 1.0 mg/l. 
8- The turbidity of the filtrate from the 1.2 m level was largely 
independent of the influent value and also independent of the flow 
rates and sand sizes. The turbidity content of the filtrates from all the 
filters at the 1.2 m level was consistently less than 0.4 NTU. Turbidity 
removal within the top 100 mm of sand was independent of the 
influent turbidity for all the flow rates of the 25 'C and 15 'C periods. j, 
9- During the main investigational periods more than 95 % of the 
faecal coliform bacteria were removed within the top 400 mm of the 
filters whereas only 0.5 % of the faecal coliform bacteria were 
removed in the lower 600 mm sand level of the filters. However, the 
faecal coliform removal occuring between the 600 and the 1200 mm 
levels of the filters was still statistically significant. 
10- During the main investigational periods about 99 % of the influent 
total coliform bacteria were removed within the top 400 mm of the 
filters while the removal between the 600 and 1200 mm levels was 
less than 0.5 %. However, the total coliform removal within the lower 
600 mm sand of the filters was still statistically significant. 
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Table 8.37 Significance and the coefficients of determination of the 
modelslisted in section 8.3. 
MATURATION PERIOD 
Model 
name 
I R-squared 
M 
R-squared 
(adjusted)(%) 
F-statistic P Level of 
significance 
fc a1O 95 94 68.0 0.000 
1 
0.1% 
fc effa Filtrate is independent of all the variables included in 
the r gression analysis. Aver g value is used. 
fc b1O 86 1 85 1 104.5 1 0.000 -T 0.1 (%) fe e ffb Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
fc clo 81 80 83.0 0.000 0.1% 
fc e ffc 40 34 6.6 0.006 1% 
tc aIO 76 72 17.6 0.000 1 0.1% 
tc effa Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
tc b1O 83 1 81 5 1 0.000 T 0.1 % 
tc effb Filtrate is independent of all the variables included in 
the r ssion analysis. Aver ge value is used. 
- tc clo 67 
r 
64 1 18.6 1 omo T o-1 % 
tc effc Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss aIO Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effa Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss b1O Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effb Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss clo Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effc Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
tur a1O 72 70 45.1 0.000 0.1% 
L tur effa 1 60 58 27.2 0.000 0. 
231 
Table 8.37 Significance and the coefficients of determination of the 
models listed in section 8.3 (Continued). 
MATURATION PERIOD (Continued) 
Model 
name 
R-squared 
(%) 
R-squared 
(adjusted)(%) 
F-statistic I P Level of 
significance 
tur b10 58 54 13.4 0.000 0.1 % 
tur effb 40 37 13.6 0.001 0.1% 
tur c10 42 39 13.7 0.002 1% 
tur effc 69 68 40.6 1 0.000 1 0.1% 
25 OC PERIOD 
fc al. 0 49 46 T 15.1 -0-000 - T- 0.1 % fe e ffa Filtrate is independent of all the variables included in 
the regression analysis. Aver ge value is used. 
fq b10 66 64.9 48.3 0.000 0.1% 
fc e ffb 45 44 34.4 0.000 0.1% 
fC clo 74 72 47.2 0.000 0.1% 
fc e ffc 9 7 4.9 0.032 5% 
tc a10 51 46 10.4 0.000 0.1% 
tc effa Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
tc b10 89 87 62.3 0.000 0.1 % 
tc effb 52 47 10.6 0.000 0.1 % 
tc clo 74 72 47.2 0.000 0.1 % 
tc effc 41 1 36 8.7 0.000 1 0.1 % 
ss alO Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effa Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. - 
ss b10 29 
1 26 .9 
1 0.000 T 0.1 % 
ss effb Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
ss clo 40 
1 35 1 8.4 [ 0-0007 0.1 % 
ss effc Filtrate is independent of all the variables included in 
the regression analysis. Averag. value is used. [7tur 
a10 27 24 12.0 
1 0.002 
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Table 8.37 Significance and the coefficients of determination of the 
models listed in section 8.3 (Continued). 
25 OC PERIOD (Continued) 
Model 
name 
R-squared 
(%) 
R-squared 
(adjusted)(%) 
F-statistic P Level of 
significance 
tur effa Filtrate is independent of all the variables included in 
the r gression anal i Aver ge value is used. 1 s' 
tur b10 73 1 72 l-0 1 
f1 
2 0-000 T 0-1 % tur effb Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
tur c10 37 35 21.3 0.000 0.1% 
tur effc 37 36 31.8 0.000 0.1% 
IL5'OC PERIOD 
fc a10 71 69 39.9 0.000 0.1% 
fc e ffa 78 76 57.3 0.000 0.1% 
fe b10 82 81 61.1 0.000 0.1% 
fc e ffb 40 39 28.4 0.000 0.1 % 
fc clo 76 75 62.9 0.000 0.1 % 
fc e ffc 59 57 29.2 0.000 0.1 % 
tc a10 80 79 64.8 0.000 0.1% 
tc effa 75 74 50.4 0.000 0.1 % 
tc b10 87 86 85.5 0.000 0.1 % 
tc effb 63 60 22.3 0.000 0.1 % 
tc clo 64 63 69.5 0.000 0.1 % 
tc effc 66 65 1 39.1 0.000 0.1 % 
ss al. 0 Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effa Filtrate is independent of all the variables included in 
the r gression analysis. Aver ge value is used. 
ss b10 40 
1 32 1 2.4 1 0.027 
ý5% 
ss effb Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss clo Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
ss effc Filtrate is independent of all the variables included in 
the regression analysis. Averag value is used. 
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Table 8.37 Significance and the coefficients of determination of the 
models listed in section 8.3 (Continued). 
15 "C PERIOD (Continued) 
Model 
name 
R-squared 
(%) 
. 
R-squared 
(adjusted)(%) 
F-statistic P Level of 
significance 
tur al. 0 Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
tur effa Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
tur b10 Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
tur effb Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
tur c10 Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
tur effc Filtrate is independent of all the variables included in 
the regression analysis. Average value is used. 
5 OC PERIOD 
fe a10 83 81 68.2 0.000 0.1% 
fc e ffa 56 53 18.6 0.000 0.1% 
fc b10 81 80 55.9 0.000 0.1% 
fc effb 55 53 24.8 0.000 0.1 % 
fc clo 79 77 48.5 0.000 0.1 % 
fc e ffc 51 50 43 0.000 0.1 % 
tc a10 79 77 52.9 0.000 0.1 % 
tc effa 71 69 35.0 0.000 0.1 % 
tc b10 81 80 55.5 0.000 0.1% 
tc effb 63 61 32.9 0.000 0.1 % 
tc CIO No-const. No-const. 271.7 0.000 0.1 % 
tc effc 46 44 34.4 0.000 0.1 % 
ss al. 0 46 44 19.0 0.000 0.1% 
ss effa 28 24 4.7 0.014 5% 
ss b10 48 46 20.4 0.000 0.1% 
ss effb 32 29 10.4 0.000 0.1 % 
ss clo 55 52 17.1 0.000 0.1 % 
L_ss effc 1 21 1 18 1 5.8 0.006 11% 
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Table 8.37 Significance and the coefficients of determination of the 
, models 
listed in section 8.3 (Continued). 
5'OC PERIOD (Continued) 
Model 
name 
R-squared 
M 
R-squared 
(adjusted)(%) 
F-statistic p Level of 
significance 
tur a1O No-const. No-const 157.4 0.000 0.1 % 
tur effa 26 24 14.7 0.000 0.1 % 
tur b1O 80 79 86.8 0.000 0.1% 
tur effb 26 24 14.7 0.000 0.1 % 
tur c1O 66 64 40.1 0.000 0.1% 
tur effc 26 24 14.7 0.000 0.1% 
8.8 Comparison With Observations Of A Similar Nature 
One of the disadvantages of slow sand filtration is that of the shortened 
run lengths which occur when the turbidity of the influent water is 
high. The maximum turbidities from the influent water for slow sand 
filter has been suggested as being between 10 and 30 NTU (Cox, 
1969; Huisman et al, 1974; Thanh et al, 1982 and Paramasivam et al, 
1981). However, the practice of asessing the suitability of an influent 
using only the turbidity measurement has been questioned (University 
of Dar Es Salaam, 1982; Wegelin, 1986) since turbidity may be caused 
by colloids, colour and dissolved material as well as by the presence of 
suspended solids. It is however only the suspended solids content 
which has any effect on the head-loss in a slow sand filter. In this 
investigation it was found that the turbidity values in the feed water of 
greater than 10 NTU resulted in a decrease of run-length for the 
filters and especially for the filter with the smallest sand grains. Short 
run lengths were more evident with the higher flow rates of 0.4 and 
0.5 m/h than with the lower, more conventional rates of treatment. 
The maximum suspended solid concentration in the influent for slow 
sand filters has been suggested as being 25 mg/I by Rajapakse and Ives 
(1990). There was no mention of sand size and flow rate with this 
suggestion although these two parameters are also important in 
assessing the lengths of filter runs. 
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It is generally accepted that sand effective size and bed depth play 
important roles in the production of high-quality filtrates and it is 
usually accepted that the finer the sand employed the better will be 
the filtrate quality. 
However, Bowles et al (1983) suggested that if the sand size is finer 
than is necessary to produce an adequate filtrate quality, it would add 
considerably to the rate of development of the head-loss. Huisman 
(1968) also suggested that if additional safety is required, it would be 
better to increase the bed depth rather than reduce the grain size. As 
a guide line regarding the suitable sand size, Huisman et al (1974) and 
Thanh et al (1983) suggested effective sizes of 0.15-0.35 mm. Cox 
(1969) suggested an ES of 0.2-0.4 mm while Ridley (1967), Fair et al 
(1968) and Van de Vloed (1955) all suggested effective sizes from 
0.25 mm to 0.35 mm. These suggestions are usually based on the 
experience of the authors and are based on results from filters 
operating under, perhaps, not fully comparable conditions. 
Point estimates from the regression models produced (tables 8.22, 
8.23) as a result of this investigation demonstrated that at the filtrate 
level there is no significant difference in quality in terms of total and 
faecal coliform bacteria removal for any of the three sand sizes 
employed. Also point estimates of the suspended solids and turbidity 
models (tables 8.24,8.25) demonstrated that both these parameters 
were reduced to acceptable levels within the top 100 mm of the sand 
bed and hence there was no evident difference between the filters 
containing different sand sizes. Also for the removal of ammonia, TOC 
and for the consumption of D. O. the performance of the filters was not 
apparently materially affected by sand size. 
As already suggested the assumption relating finer sand sizes with 
better quality filtrates was probably initially put forward by authors 
following observations on a single filter, or with a number of filter 
containing nearly identical sands. As a result the significance of 
declining sand size could not have been adequately checked. However, 
later researchers [Bellamy and co-workers (1985 B)], employing 0.13, 
0.29 and 0.62 mm. efective size sands, reported no deterioration in 
the performance of filters with increasing sand size. Also Logsdon and 
Fox (1988) employing laboratory- scale filters with effective size sands 
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of 0.17,0.29 and 0.32 mm reported no significant difference in the 
filtrate quality as the sand size increased. 
In practice, especially in developing countries, locally available sand is 
frequently employed in the construction of slow sand filters inorder to 
reduce the overall cost. Since the effect of sand size is not significant 
(within a certain size range) for the production of an adequate quality 
of filtrate there is no need to endeavour to obtain a finer sand than 
that which is, perhaps immediately available. Moreover, the run 
lengths of filters increases as the effective size of the sand increases 
and hence there is also a reduced operational cost apparent. 
The minimum bed depth was suggested by Ridley (1967) as being 650 
mm, by Cox (1969) as 800 mm and by Toms et al (1988) as 300 mm. 
In order to remove all the viruses and probably to complete the 
oxidation of ammonia Windle-Taylor (1971-73) suggested a minimum 
depth of at least 600 mm. Burman (1978) suggested that the poorer 
the quality of the raw water the deeper should be the sand bed. 
This investigation demonstrated that about 95 % of the faecal coliform 
bacteria and about 99 % of the total coliform bacteria were removed 
within the top 400 mm level of the sand bed at all three temperatures 
investigated and at all five flow rates. However, both the faecal and 
total coliform removal through the lower 600 mm sand was only about 
0.5 % of the initial count. The removal in this part of the filters were 
probably not significant from an engineering point of view. With 
increasing flow rate and decreasing temperature more bacteria were 
penetrating deeper into the sand bed but were being consistantly 
removed before the 600 mm depth. 
The regression models developed concerned with the extention of 
biological activity and the penetration of solids into the sand (chapter 
nine) demonstrated that the most active part of the filter beds was the 
first 400 mm depth. As Poynter and Slade (1977) concluded that E. 
Coli removal was a good indicator of virus removal in a slow sand filter; 
it is possible that a depth of 400 mm is satisfactory for virus removal 
as well as for the removal of intestinal bacteria. However, as Windle- 
Taylor (1971-73) suggested, in order to be certain of removing all the, 
viruses it would perhaps be sensible to allow for additional safety by 
using a minimum depth of 600 mm. Kawata (1982) also reported that 
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for the removal of the cercariae of schistosomiasis the minimum depth 
should be 600 mm. 
Burman (1978) and Huisman (1968) suggested that if an additional 
safety factor was required for slow sand filters the sand bed depths 
should be increased instead of reducing the sand size. In this respect 
the results of this investigation demonstrated that there was no 
significant difference between the filters due to sand size and certainly 
after 600 mm the effectiveness of the sand medium was limited even 
under the most rigorous conditions. 
Of the important mechanisms of slow sand filtration, biological activity 
is favoured by slower treatment, although a moderate increase of flow 
rate would extend the development of biological activity deeper into 
the bed depth (Huisman et al, 1974). Filtration rates of between 0.08 
m/h and 0.21 m/h have been suggested and often 0.1 m/h is given as 
the conventional rate for slow sand filters (Van Dijk, 1978). Ridley 
suggested a filtration rate of between 0.05 m/h and 0.15 m/h. Burman 
(1978) suggested filtration rates of from 0.025 m/h to 0.5 m/h 
following pretreatment by rapid sand filters. Paramasivam (1980), as a 
result of operating with high quality waters (turbidity <10 NTU)I, 
suggested higher than conventional rates were possible. He reported 
employing 0.1,0.2.0.3 m/h flow rates which resulted in run-lengths 
of 45,26 and 13 days respectively. Windle-Taylor (1969-70), 
operating Laboratory- scale filters, reported no significant deterioration 
of filtrate quality upto a rate of 0.5 m/h. Kerkhoven (1979) operated 
pilot-scale slow sand filters at 0.2-0.3 m/h and reported no 
deterioration in filtrate quality with increasing flow rate. 
In this investigation, from the point estimate of faecal coliform models 
(table 8.22), it can be seen that increasing flow rate reduced the 
removal of faecal coliform bacteria from 99.98 % at flow rate 0.1 m/h 
to 99.80 % at 0.5 m/h during the 25 'C period. During the 15 OC 
period the decline in the removal of the faecal coliform bacteria was 
from 99.99 % at 0.1 m/h to 99.5 % at 0.5 m/h. During the 5 'C period; 
however, this reduction in removal dropped to 96.9 % at 0.5 m/h 
from 99.88 % at 0.1 m/h. 
Total coliform models point estimates (table 8.23) demonstrated that 
during the 25 OC period the total coliform bacteria removal was 99.95 
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% at 0.1 m/h but dropped to 99.69 % at 0.5 m/h. The total coliform, 
removal was similar during the 15 OC period and declined from 99.99 
% at 0.1 m/h to 99.4 % at 0.5 m/h. During the 5 OC period the decline 
in total coliform. removal was more pronounced and was from 99.85 % 
at 0.1 m/h to 96.75 % at 0.5 m/h. 
The variation in flow rate did not have any noticeable effect on either 
the suspended solids or the turbidity contents of the filtrates during 
any of the three temperature periods. Rachwal et al (1988) found a 
negative correlation between the filtration rate and the run length for 
full-scale filters. These researchers had investigated one or two 
parameters which possibly effect the filtrate quality and the run 
lengths. However, they did not include the range of parameters 
employed in this present investigation and in some cases the range of 
the design and operational parameters investigated by Rachwal and co- 
workers were too close together to enable a realistic evaluation to be 
made. Therefore their results cannot be applicable to as wide a range 
of conditions as are the results from this present investigation. 
Bellamy (1985 A, 1985 B) who operated pilot scale slow sand filters 
with effective sizes of 0.28 mm and flow rates of 0.04 m/h, 0.12 m/h 
and 0.4 m/h reported no deterioration in' the filtrate quality, as the 
flow rate increased in terms of giardia cyst removal but the coliform 
removal declined from 99.9 % at the lowest flow rate operated to 99 
% at the flow rate of 0.4 m/h. Also, when operating filters with 
effective sand sizes of 0.13 mm, 0.29 mm and- 0.62 mm at a flow rate 
of 0.12 m/h at temperatures of 2 'C, 5 OC and 17 'C and with bed 
depths of 0.97 m and 0.48 m Bellamy reported that the removal of 
total coliform bacteria declined with both bed depth and temperature. 
Filtration rates become particularly important when slow sand filters 
are built to serve relatively large populations in situations where lang, 
may be expensive. In these circumstances the selection of higher 
filtration rates and coarser sand sizes could be considered. The point' 
estimate of the models developed as a result of this investigation 
demonstrated that the faecal coliform count was reduced from 
1000/100 ml to about 1/100 ml at 0.1 m/h with all three filters even 
when operating at the least favourable temperature of 5 'C. However, 
at the same temperature but at a flow rate of 0.5 m/h the filters were 
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only able to reduce the inlet count of 1000/100 ml faecal coliform 
down to about 30/100 ml. This represented a reduction in the 
removal percentages from 99.9 % to only 97 %. This level of reduction 
could, however, still be considered to be adequate if the filtration 
process was to be followed by an effective and continually reliable 
disinfection process. The effect of the filtration rate on the filtrate 
quality was very much less pronounced at higher temperatures. 
8.9 Practical Significance Of Resudts 
From faecal and total coliform. removal at the intermediate depths and 
from the sand examination models it can be concluded that: The most 
effective part of the filters in the removal of impurities is the top layer; 
perhaps the schmutzdecke although the contribution of the sand bed 
down to a depth of 400 mm is significant in removing impurities, 
especially coliform bacteria. Inorder to add an additional factor of 
safety possibly a minimum sand bed depth of 600 mm should always be 
employed. 
No significant effect of sand size on the quality of the filtrate was 
established. Therefore a coarser sand than is often suggested could be 
employed as the filter medium inorder to increase the run lengths and 
reduce the operational costs. 
Increasing flow rates and decreasing temperatures had the effect of 
causing bacteria to penetrate deeper into the sand bed although about 
95 % of the faecal coliform and about 99 % of total coliform organisms 
were always removed within the top 400 mm of the bed. 
Filtration rates are particularly important when slow sand filters are 
built to serve relatively large populations. In these circumtances the 
selection of higher filtration rates with coarser sand sizes could be 
considered. The point estimate of the models developed as a result of 
this investigation demonstrated that the faecal coliform count is 
reduced from 1000/100 ml to about 1/100 ml at 0.1 m/h with all 
three filters even when operating at the least favourable temperature 
of 5 OC. However, under the same temperature conditions when the 
flow rate was increased to 0.5 m/h the filters were only able to reduce 
faecal coliform. count from 1000/100 ml to about 30/100 ml. This 
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represented a reduction in the removal percentages from 99.9 % to 
only 97 %. 
The point estimate of total coliform models developed in this 
investigation also demonstrated that the total coliform count was 
reduced from 5000/100 ml to about 2/100 ml at 0.1 m/h during the 
25 OC period. At the same temperature, when the flow rate was 
increased to 0.5 m/h, the total coliform. count was only reduced from 
5000/100 ml to 30/100 ml. Under the most rigorous conditions i. e. 
those of 5 'C period and 0.5 m/h the total coliform count was reduced 
again from 5000/100 ml to about 165/100 ml. This represented a 
reduction in the percentage removal from 99.96 % to 96.7 %. This 
level of reduction could, however, still be considered to be adequate if 
the filtration process was to be followed by an effective and continually 
reliable disinfection process. For the places where the water demand 
is higher in the summer but lower in the winter filters could be 
operated at higher than conventional rates, even upto 0.4 or 0.5 m/h, 
at temperatures of above 15 'C without markedly reducing the safety. 
The models developed in this investigation can be used to estimate 
the filtrate quality of a slow sand filter under various conditions and 
hence the models are useful tools to help the designer to decide on 
the sand size and filtration rate under varying influent and climatic 
conditions. Fortunately, it is relatively simple (as explained in section 
8.4.2) to reduce the initial rather excessive number of 72 models 
down to a more acceptable number of 9 models. 
241 
CHAPTER NINE: 
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EXAMINATION OF THE SAND MEDIA 
9.1 Introduction 
Following the completion of the filtration operation at 5 OC samples of 
sand from the three filter media were examined in order to assess 
both the peneteration of the removed solids into the filter bed and to 
investigate the extention and the concentration of the biological 
activity deeper into the sand bed. Sand samples were analysed for 
suspended solids, turbidity, standard plate count bacteria and 
particulate organic carbon (POC). To support the results of these 
analyses, samples were also examined using the scanning electron 
microscope (SEM). 
In this chapter the equipment employed and the procedures followed 
for the examination of the sand media are described and the results of 
the analyses are discussed. Using the results of the analyses for each of 
the parameters (Le turbidity, suspended solids, particulate organic 
carbon and bacteria counts) regression models were fitted to provide a 
description of the penetration of the solids into the bed and the 
extention of the biological activity within the filter. 
9.2 Equipment Employed 
Some of the equipment used for the analyses has already been 
described in chapter six. However, the equipment used for sand 
sampling, flask shaking and for the preparation of sand samples for 
SEM are briefly described below. 
9.2.1 Sand Sampler 
The removal of sand samples from the filters was achieved by using 
two basic tools; a steel pipe and a steel scoop with a long handle. The" 
handle was marked on the scoop side at 100,150,200,400,600, 
800,1000 and 1200 mm intervals to facilitate the collection of the 
sample from various depths. The steel pipe was 50 mm in diameter 
and 1.5 m in length and the scoop was so made that it could be 
10wered easily in the hole created by the pipe. 
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9.2.2 Flask Shaker and Piston Burette 
In order to remove the solids and the bacteria from the sand samples 
and also to facilitate measurements of the POC content of the sand, a 
flask shaker was employed. The rate of oscillations of the flask shaker 
was 170 per minute and the amplitude of swing was 65 mm. The flask 
shaker, which is shown in plate 9.1. was constructed in the civil 
engineering laboratory of Loughborough University. 
IPlate 9.1 The flask shaker employSId 
For the titration of the samples for the particulate organic carbon 
analysis the Metrohm SSU E485 piston burette coupled with a 
magnetic stirrer was used (Plate 9.2). 
9.2.3 Critical Point Drier 
Sand samples were dried in a Polaron E 3000 critical point drying 
apparatus and then gold coated before viewing with a scanning 
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Plate 9.2 Piston Burette 
electron microscope (SEM). The critical point drier was connected to 
a liquid carbon diwdde cylinder and is shown in plate 9.3. 
9.2.4 Gold Coating Equipment 
Prior to viewing the sand samples with a SEM, each sample was 
inounted on a sputter and coated with gold using an Edwards E12 
evaporation unit (plate 9.4). 
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Plate 9.3 Critical point drying aparatus with CO, cylinder 
9.2.5 Scanning Electron Microscope (SEW 
For viewing the sand samples and for taking the micrographs a 
Cambridge Steroscan 360 scanning electron microscope was 
employed. This is illustrated in plate 9-5. 
9.3 Sampling 
The filter, from which the sand samples were to be taken, was first 
completely drained. The top section of the filter column was then 
unbolted and removed. Following this a sample of schumtzdecke was 
'4 
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removed for analysis. Sand samples were then removed from the 
surface of the clean sand bed. Other sand samples were removed by 
means of the plastic scoop. When taking the deeper sand samples a 
core was first removed using the steel tube. Once the core had been 
removed, the scoop was then inserted into the hollow created to 
abstract specific sand samples from the required depths. When 
sampling the sand special attention had to be taken to prevent the 
sand around the hole from collapsing. In addition to the samples taken 
044,0, 
- 
-.. 
ov 
Plate 9.4 Gold coating eqWpment 
of the schmutzdecke, the bed surface and 50 mm below the sand 
surface , sand samples were also taken 
from depths of 100, 150, 200, 
247 
300,400,600,800,1000 and 1200 mm below the surface of the bed 
of each of the filters. All samples of sand removed were collected in 
sterile 90 mm diameter petri dishes. 
wool 
I Plate 9.5 Sc electron microscope (SEM) 
9.4 Turbidity And Suspended Solid Content 
9.4.1 Techniques Of Analysis 
All the samples of sand taken for analysis were initially washed in pure 
water. The accumulated solids were removed by taking 10 CM3 of each 
of the sand samples and placing them in 100 ml pure water in a 
stoppered bottle. These were then shaken for 40 minutes using the 
flask shaker. The suspended solid contents of the wash water, and also 
the turbidity, were then measured by standard techniques. 
9.4.2 Results 
All of the suspended solid and turbidity analysis results for the sand 
samples from each filter are given in table 9.1 
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Table 9.1 Suspended solid (SS) and turbidity M content of 10 CM3 
sand samples from the filters 
Depth FILT ER A FILT ER B PI-LT ER C 
(MM) SS T (NTU) SS T (NTU) SS (MgL T (NTU) -I 
0 123 1440 470 3760 106.8 I 300 
50 32.8 230 7.6 72 7.8 
_ 
200 
100 71.6 250 12.4 120 11.2 300 
150 86 650 122.6 980 66.6 850 
200 30.6 310 33.4 268 52 620 
300 18.8 160 24.6 166 34.6 276 
400 16.8 142 16.6 100 13.4 228 
600 16.2 142 9.4 66 8.8 200 
800 12.8 140 7.6 58 7.4 220 
1000 11.8 136 8.6 50 5.8 224 
1200 11.2 138 7.2 45 8.6 230 
9.5 Particulate Organic Carbon (POC) Content 
POC analyses were carried out with the filter sand samples which were 
taken from the schmutzdecke and from 0,50,100,150,200,300, 
400,600,800,1000 and 1200 mm below the surface of each filter. 
The method used to determine POC was one of dichromate oxidation 
followed by an end point titration to determine the volume of 
potassium dichromate remaining after the oxidation process. This 
technique to determine POC was adapted from the procedure used by 
Goddard (1980) and is summarised below. 
9.5.1 Procedure for Analysis 
Sand samples were dried in an oven at 800C for 24 hours. These dried 
sand samples were then stored in capped pyrex vials until the time of 
analysis. 
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1 cm 3 of the dried sand was measured and placed in a clean pyrex 
glass vial and then 5 ml of pure water was added into the vial and the 
contents shaken for two hours. 1 ml of supernatant from the vial was 
then removed into a pyrex glass reaction vial and to this 1 ml of 
0.125N potassium dichromate solution and 4 ml of concentrated 
sulphuric acid were added. The reaction vial was swirled to mix the 
fluids and was then placed in an oven at 120 OC for three hours. The 
vial was then allowed to cool before titration. After adding 3 drops of 
ferroin indicator, the titration was carried out with standard 0.025 N 
ferrous ammonium sulphate solution and continous mixing using a 
magnetic stirrer. The ferrous ammonium sulphate was added from a 
Metrohm SSU E485 piston burette. 
For the sand samples taken from up to 300 mm below the sand 
surface, 50 % and 25 % dilutions of the original supernatant samples 
were used for the analyses. For the sand samples taken from deeper 
levels undiluted and 50 % diluted supernatant test samples were used. 
All the analyses were carried out in duplicate. Duplicate blank analyses 
were also conducted on each occassion. 
9.5.2 Results 
The results of each POC content analysis of sand samples are given in 
table 9.2 for each filter. 
9.6 Bacteria Count 
The models developed for the removal of faecal and total coliform 
bacteria were discussed in chapter 8. These showed that most of the 
bacteria, both total and faecal coliform, were penetrating deeper into 
the sand bed as the flow rate increased and as the temperature 
decreased. This penetration of the bacteria deeper into the filter bed 
suggested that biological activity was continuing to a substantial depth. 
An attempt was therefore made to investigate the extent of the 
biological activity together with its intensity by means of POC 
measurements, and by the determination of the bacterial content of 
the filter sand samples taken from the schmutzdecke and from 0,50, 
100,150,200,300,400,600,800,1000 and 1200 mm levels below 
the sand surface. 
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Table 9.2 Particulate organic carbon content (mg/ 1 CM3 sand) 
Depth 
(mm) FILTER A FILTER B FILTER C 
Schmutz 5490.0 6277.5 3720.0 
0 1312.5 2835.0 1057.5 
50 1275.0 405 652.5 
100 858.8 2955 228.75 
150 716.3 960 993.8 
200 345.0 420 581.3 
300 176.3 176.3 235 
400 135 183.8 172.5 
600 71.3 138.8 161.3 
800 120 150.0 225 
1000 26.3 101.3 116.3 
1200 48.8 106.3 1 52.5 
To determine the bacterial content of a sand sample, three different 
techniques were employed (Goddard, 1980). These were the direct 
examination of the sand grains by epiflouresence microscopy, direct 
examination using a scanning electron microscopy and the removal of 
the bacteria from the grains by shaking with sterile water prior to 
enumeration. 
Each of these three methods were used to examine the bacterial 
content of several sand samples. Enumeration of the bacteria released 
by shaking from the sand grains was the method which gave the most 
reproducible results. This method was then adopted for the 
examination of the changes in bacterial content of the sand samples 
within the filter beds. In addition, the examination of sand samples 
using a scanning electron microscope was also employed (discussed 
below) to investigate the accumulation of the bacteria around the sand 
grains. 
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9.6.1 Enumerating Bacteria 
Within an hour of sampling, 1 CM3 of each sand sample was 
transferred into a 25 ml volume of a quarter strength ringer solution 
in sterilised bottles. Then the bottles were placed in the flask shaker 
(plate 9.1) for 40 minutes in order to facilitate the removal of the 
bacteria from the sand samples into suspension. Sand grains possess 
uneven surfaces, small cracks and niches. These assist the bacteria to 
colonize on the sand grains which become partially covered with a 
biological film as a result of the deposition of solids, organics and 
organisms. The total removal of this film is probably not possible by a 
limited shaking technique. However by employing a standardised 
technique it was hoped to remove an approximately constant 
proportion of the bacteria population. The results from a series of 
investigations would then be comparable. 
Dilutions of the supernatant liquid removed after the shaking process 
were employed in the final enumeration technique. Greater dilutions 
were required for the surface sand samples (10-4 to 10-6 ) than for 
those taken from between 50 mm and 200 mm depths (10-3 to 10-5) 
and those taken from the deeper levels (10-2 to 10-4) . For each final 
dilution four plates were prepared by taking 1 ml of the dilution and 
then adding it to plate a containing 15 ml of melted standard plate 
agar. These plates were than gently swirled to disperse the solution 
into the agar. The agar plates were than transfered to an incubator at 
20 'C for 7 days before counting the colonies produced. 
9.6.2 Results 
Results of the analysis are given below in table 9.3. Unfortunately some, 
results for filter B are missing. The enumeration of these samples was 
attempted before the required degree of dilution was understood and 
hence failed. 
9.7 Preparation And Examination of Sand Samples Employing An SEM 
Sand samples were also examined with a Scanning Electron 
252 
Table 9.3 Bacteria content 
Depth CFU (Colony orming Unit) /1 CmT-S-and * 106- 
(mm) 
_FILTER 
A FILTER B FILTER C 
Schmutz 360 825 
0 77.5 - 95 
50 9.75 - 16 
100 4.85 - 7.5 
150 55.75 - 33 
200 9.5 - 22 
300 3.6 10.5 4.0 
400 2.425 6.3 2.4 
600 0.975 2.125 1.7 
800 0.7225 1.7 1.1 
1000 0.3775 2.3 1.0 
1200 0.6625 0.5225 1.075 
Microscope in order to observe the accumulation of solids and 
organisms (especially the bacteria) around the sand grains. Sand 
samples for these investigations were again taken from the surface of 
the bed and from 50,100,150,200,300,400,600,800,1000 and 
1200 mm below the surface of each filter. 
The practice recommended by Mercer et al (1972) and by Kessel and 
co-workers (1976) for the preparation of biological samples for 
examination with an SEM consisted of a consecutive process of fixing, 
dehydrating, drying and finally coating the samples prior to viewing. 
These techniques were also employed with small variations by Cross et 
al, (1977); Goddard, (1980); Hagen et al, (1968); (1976); Richards et 
al, (1984) for viewing sand samples with an SEM. The technique is 
used in this research for the preparation of the sand samples was 
derived from the work of these authors. The technique then was 
checked before the preparation of actual samples by means of 
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preparing and viewing some sterilised sand samples inocculated With 
several different laboratory cultures of bacteria. 
9.7.1 FUing The Sample 
About I CM3 of sand from each sample was fixed by placing it in a5% 
glutaraldehyde solution made up in a 0.1 M phosphate buffer solution 
(pH = 7.2) within one hour of sampling. The samples were then left 
overnight at 4 OC to complete the fixation. Following this the samples 
were washed with 0.1 M phosphate buffer solution (pH = 7.2) and 
dehydrated by rinsing with acetone solution of progressively 
increasing strength (30 %, 50 %, 70 %, 90 %). Each rinsing lasted for 
between 5 and 10 minutes. The dehydration was completed by rinsing 
with undiluted acetone. The samples were then stored until the 
microscope become available. 
9.7.2 Drying And Coating 
All the samples were subjected to critical point drying using a Polaron 
critical point drier (plate 9.3) prior to SEM examination. The critical 
point is defined as the situation where a fluid may pass from a liquid to 
a gas with no evident boundary and no associated distortional forces. 
For this the sand samples in acetone were placed in the chamber of 
the critical point drier and immersed in liquid carbon dioxide. The 
chamber was slowly heated to just above the critical temperature of 
31.5 OC for liquid carbon dioxide at which its critical pressure is about 
8250 kN/M2. As the temperature passed 31.5 OC the liquid 
disappeared leaving only gaseous C02 in the chamber. The pressure 
was then lowered to that of the atmosphere by venting the carbon 
dioxide gas, while still maintaining the temperature above 32 OC. The 
samples mounted on aluminium stubs were then sputter-coated with 
gold using an Edwards E12 evaporation unit (plate 9.4) The coated 
samples were then viewed and photographs of each sample were 
taken using a Cambridge Steroscan 360 Scanning Electron 
Microscope (plate 9.5). 
9.7.3 Viewing The Sand Samples With SEM 
An attempt was made to investigate the deposits around the sand 
grains by employing Scanning Electron Microscopy. This was only 
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attempted as partial investigational step. The results of the 
examinations by SEM are briefly discussed below. 
Before the actual samples from filter beds were investigated, clean 
sand samples, each of which had been inocculated with different 
bacteria culture, were viewed to observe the various shapes of the 
different bacteria cells. Each of the sand samples was then viewed 
using the Cambridge Steroscan 360 Scanning Electron Microscope 
(plate 9.5). For each of the samples, several sand grains were 
examined and during the total examination of the sand samples about 
400 micrographs at different magnifications were captured. 
On the sand grains of the each sample taken from the three 
operational filters, there were particles which had either rod or 
coccoid shapes. These resembled those already seen on the 
inocculated sand samples. They also were of about a similar range of 
sizes to those observed on the inocculated sand grains and were 
therefore thought to be bacterial cells. There was also some debris and 
solids, possibly clay deposits, present on many of the sand grains. Also 
on almost all the grains examined there were some obvious diatoms as 
well as various other regular shapes which were possibly other 
microorganisms such as algae, protozoa etc. These were not evenly 
distributed on the sand grains, but were localised in patches. The 
patches were often found only in hollows and cracks or, if more 
widespread, were more concentrated in the hollows and cracks of the 
sand grains. 
Some of the microorganisms and especially the solids from around the 
sand grains may have been lost during the preparation process but as 
all the samples were subjected to the same preparation process the 
results were comparable. 
The proportion of the sand grains on which biological growth was 
apparent decreased with increasing depth. 
However, the number of cells recorded as a result of SEM observation 
did not follow the pattern of the standard plate counts. The reason for 
this was perhaps that there were much heavier solids deposits on the 
grains nearer to the sand bed surface. Bacteria had possibly been 
adsorbed on to the clay particles and intimately mixed with them so 
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they were difficult to detect with the SEM. However, these bacteria 
were still able to multiply in agar to form colonies and so become 
visible with standard plate counts. As Lund and Nissen (1986) 
reported, clay was able to remove coliform bacteria and viruses 
effectively from water as a result adsorption. This, however, did not 
necessarily result in the inactivation of the adsorbed microorganisms. 
In the appendices three micrographs of different shapes of bacteria 
culture and three micrographs of the sand grains from each of the 
filters A and B have been included. 27 micrographs of sand grains at 
different magnifications from different depths of filter C are also 
included. 
9.8 Regression Models 
Regression analyses were carried out using the data available (tables 
9.1,9.2,9.3) to observe any correlations between the individual 
parameters and the bed depth. It was hoped that these models would 
permit greater understanding of the variation of solid material and 
biological activity with increasing depth of sand. 
Regression analyses were carried out according to the principles 
described in chapter 7 and employing MINITAB. 
The analyses of all normal samples of influent and filtrates ceased on 
the 28 th February 1992. The filters were kept running, however until 
the sand samples were taken for observation and analysis from the 
various depths of the filter. Sand samples were taken from only one 
filter at a time while the others were kept running. 
From the results of the analyses (tables 9.1,9.2,9.3) it can be seeý 
that, the results of the investigation of the sand samples taken from 50 
mm and 100 mm depths were off the trend of other depths. The 
reason for this was probably that the filter A had recently been cleaned 
down to the depth of 150 mm (23-1-92) and both filters B and C had 
cleaned again down to the same depth even more recently (11-2-92). 
With these deep cleanings the sand was taken out, washed and 
replaced. Following this, although there had been several conventional 
cleanings carried out by removing 20-30 mm of sand from the filter 
surface there had not been time for a sufficient build-up of solids or of 
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biological activity at the depths of up to 150 mm. Hence the results for 
the 50 mm and 100 mm depth levels have been omitted from the 
regression analysis. 
Also from the result of the analyses (tables 9.1,9.2,9.3) it can be seen 
that each parameter (i. e. turbidity, suspended solids, POC and 
bacteria) was very high for the samples taken from the sand surface 
but declined sharply as the sand bed depth increased down to a level 
of 400 mm. The values for the parameters then declined further, but 
at a reduced rate, as the depth increased down to the 1200 mm level. 
With these observations in mind the model initially developed had the 
form: 
Parameter =a+b, depth-1 + intercept-1 +b2 depth-2 9.1 
This equation would represent a regression line as illustrated in figure 
9.1. 
Parameter 
V .,.. 4 
Sand depth 
-i ,0 
400 1200 
'( mm) 
Figure 9.1 Plot of model 9.1 
In order to obtain regression models indicator variables were 
employed in the manner shown in table 9.4. 
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Table 9.4 Indicator variables for tur idity and suspen ed solids. 
IN. 1 
intercept-1 
i. V. 2 
intercept-2 
IN. 1* depth 
depth-l 
I-V-2 * depth 
depth-2 
1 0 
_ 
0 0 
1 0 150 0 
1 0 200 0 
1 0 300 0 
1 0 400 0 
0 1 0 600 
0 1 0 800 
0 1 0 1000 
0 11 0 1200 
Table 9.5 Indicator variables for POC and bacteria 
IN. I 
intercept-1 
I. V. 2 
intercept-2 
IN. I* depth 
depth-1 
I. V. 2 * depth 
depth-2 
0 0 0 
0 1 0 
0 150 0 
0 200 0 
0 300 0 
1 0 400 0 
0 0 600 
0 0 800 
0 0 1000 
0 0 1200 
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The regression analyses were carried out without transforming the 
data first and then later by employing the square root and log 
transformations in the manner described in chapter 7. The models 
were obtained by employing log transformed data. This final tended to 
produce better results because of the nature of the data obtained with 
this particular exercise particularly the large values for the samples 
from surface. 
The plots of the data for each parameter and for each filter were 
produced prior to the regression analysis. Then for each set of data a 
full model and subset model was produced and the partial F test 
checked. Residuals plots and histograms were also produced and 
examined. 
All regression models will be given for each parameter and for each 
filter but only one analysis for each parameter will be included as, 
essentially, the same procedure was followed in each case. The 
addition of all the analyses would merely increase the volume of this 
thesis without adding to its value. 
9.8.1 Turbidity Content 
An examWe of the analyses: 
The plot of the log transformed turbidity content of the sand samples 
from filter A was produced (figure 9-3) and from this it can be seen 
that the turbidity contents of the sand samples from filter A followed a 
pattern similar to that discussed above. 
A regression analyses was then carried out on the data and the results 
are given in table 9.6. Using table 9.6 the model was checked for 
significance by observing the R-squared value, the P values of the F 
statistic and P values of the t statistic. The R-squared value indicated 
that 96.2 % of the variation in the data was explained by the model. 
The P values of F indicated that the model was significant at all levels 
of significance but the P value of t statistics showed that the slope of 
the depth-2 was zero and hence that the variable depth-2 could be 
omitted from the model (table 9.7). 
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3.15+ 
logtur a- 
2.80+ 
2.45+ 
2.10+ 
* 
* 
**** 
* 
* 
--------------------------------------------------------- s. depth 
0 250 500 750 1000 1250 
1 
lFigure 9.2 Plot of the log transformed turbidity values. 
ITable 9.6 Full model 
I 
MTB > regr c27 3 c23 c24 c25; 
SUBC> resid c22. 
The regression equation is 
logtur a=2.17 - 0.00269 depth 1 -0.000025 depth 2+0.960 inter 1 
Predictor Coef Stdev t-ratio p 
Constant 2.1654 0.1893 11.44 0.000 
depth 1 -0.0026855 0.0003009 -8.93 0.000 
depth 2 -0.0000249 0.0002041 -0.12 0.908 
inter 1 0.9599 0.2037 4.71 0.005 
s=0.09127 R-sq = 96.2% R-sq(adj) = 93.9% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 3 1.05267 0.35089 42.13 0.001 
Error 5 0.04165 0.00833 
Total 8 1.09431 
SOURCE DF SEQ SS 
depth 110.01413 
depth 210.85347 
inter 110.18507 
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Table 9.7 Reduced model 
MTB > regr c27 2 c23 c25; 
SUBC> resid c22. 
The regression equation is 
logtur a=2.14 - 0.00269 depth 1+0.982 inter 1 
Predictor Coef Stdev t-ratio p Constant 2.14296 0.04172 51.37 0.000 
depth 1 -0.0026855 0.0002751 -9.76 0.000 inter 1 0.98237 0.08044 12.21 0.000 
s=0.08344 R-sq = 96.2% R-sq(adj) = 94.9% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 2 1.05254 0.52627 75.59 0.000 
Error 6 0.04177 0.00696 
Total 8 1.09431 
SOURCE DF SEQ SS 
depth 11 0.01413 
inter 11 1.03841 
From table 9.7 it can be seen that the reduced model is 
log (tur a) = 2.14 - 0.00269 depth- I+0.982 inter- I 
where: 
log (tur a): Log transformed turbidity values of sand samples from filter 
A 
depth-1: sand depth upto 400 mm. 
inter- 1: Intercept difference upto the 400 mm depth. 
The model can be rewritten in an easier form as below. 
log (tur a) = 3.122 - 0.00269 depth (for depth 0- 400 mm) 
log (tur a) = 2.14 (for depth 400-1200 mm). 
The P values of the F statistic and the t-ratios of the model show that 
the model is significant at all levels of significance and the R-squared 
values show that the models explains 96.2 % of the variability. Using 
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the values of both the models (tables 9.6, and 9.7) the partial F 
statistic can be calculated as 
(1.05267 - 1.05254) / (3 - 2) = 0.0156 0.00833 
and the critical value is Fj,, = 6.61 
This means that the reduced model can be employed. The plot of the 
residuals of the model against log (tur a) values (figure 9.3) shows no 
pattern and the histogram of the residuals (figure 9.4) is 
approximately normally distributed. These factor suggest that the 
model is adequate. 
0.080+ 
residual- 
0.000+ 2 
-0.080+ 
--------------------------------------------------------- 
logtur 
2.20 2.40 2.60 2.80 3.00 3.20 
Figure 9.3 Plot of the residuals. 
List of the turbidily models for each filter 
FUter A 
Log (tur a) = 3.122 - 0.00269 depth (for depths of 
0-400 mm) 
Log (tur a) = 2.14 (for depths of 400-1200 mm) 
Ffiter B 
Log (tur b) = 3.49 - 0.00407 depth (for depths of 
0-400 mm) 
Log (tur b) = 1.73 (for depths of 
400-1200 mm) 
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FUter C 
Log(tur c) = 3.162 - 0.00206 depth (for depths of 0-400 mm) 
Log (tur c) = 2.34 (for depths of 400-1200 mm) 
Midpoint Count 
-0.12 1 
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Figure 9.4 Histogram of the residuals. 
9.8.2 Suspended Solids Content 
An examDle of the analyses 
The plot of the log transformed suspended solid content of the sand 
samples from filter B (figure 9.5) is produced. 
From figure 9.5 it can be seen that the suspended solid content of the 
sand samples decreases as the sand depth increases up to a depth of 
400 mm but after 400 mm the suspended solids content varies 
randomly around a constant value as mentioned earlier. 
A regression analysis was carried out on the data (table 9.8) and it can 
be seen from table 9.8 that the P values of the t-ratio indicate that the 
slope of the variable depth-2 is not significant. This, therefore, can 
omitted from the model. Regression analysis was then carried out 
omitting the variable depth-2 (table 9-9). 
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e 9.5 Plot of log transformed suspended solid content. 
ITable 9.8 Regression analVses (full model) 
I 
MTB > regr c3l 3 c23 c24 c25; 
SUBC> resid c22. 
The regression equation is 
log ss b=1.04 - 0.00375 depth 1 -0.000147 depth 2+1.52 inter 1 
Predictor Coef Stdev t-ratio p 
Constant 1.0436 0.3395 3.07 0.028 
depth 1 -0.0037466 0.0005398 -6.94 0.001 
depth 2 -0.0001469 0.0003661 -0.40 0.705 
inter 1 1.5222 0.3654 4.17 0.009 
s=0.1637 R-sq = 95.7% R-sq(adi) = 93.1% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 3 2.96854 0.98951 36.91 0.001 
Error 5 0.13403 0.02681 
Total 83 . 
10258 
1 
SOURCE DF SEQ SS 
depth 110.01908 
depth 212.48409 
inter 110.46537 
Unusual Observations 
St. Resjid Obs. depth 1 log ss b Fit Stdev. Fit Residual 
3 200 1.5237 1.8165 0.0734 -0.2928 -2. OOR 
denotes an obs. with a large st. resid. 
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ITable 9.9 Regression analysis (reduced model) I 
MTB > regr c3l 2 c23 c25; 
SUBC> resid c22. 
The regression equation is 
log ss b=0.911 - 0.00375 depth 1+1.65 inter 1 
Predictor Coef Stdev t-ratio P 
Constant 0.91144 0.07592 12.00 0.000 
depth 1 -0.0037466 0.0005006 -7.48 0.000 
inter 1 1.6544 0.1464 11.30 0.000 
s=0.1518 R-sq = 95.5% R-sq(adj) = 94.1% 
Analysis of Variance 
SOURCE 
Regression 
Error 
Total 
SOURCE 
depth 1 
inter 1 
DF ss 
2 2.9642 
6 0.1383 
8 3.1026 
DF SEQ SS 
1 0.0191 
1 2.9451 
ms Fp 
1.4821 64.28 0.000 
0.0231 
Unusual Observations 
Obs. depth 1 log ss b Fit Stdev. Fit Residual St. Resid 
3 200 1.5237 1.8165 0.0681 -0.2928 -2.16P 
R denotes an obs. with a large st. resid. 
From table 9.9, it can be seen that the R-squared value indicates that 
95.5 % of the variability is explained by the model. The P values of the 
F statistic and the t-ratios indicate that the model is significant at all 
levels of significance. The partial F value was calculated from both the 
full and from the reduced model (tables 9.8,9.9) as shown below 
(2.96854 - 2.9442) / (3 - 2) 
0.02681 
Critical F value is FI, 5 = 6.61 
= 0.90787 
Hence the contribution of the variable depth-2 to the model was not 
significant and could be safely omitted from the model without 
reducing its significance. Therefore, it can be seen that the model is a 
constant for the depths of between 400 and 1200 mm. 
The reduced model (from table 9.9) is 
Log (ss b) = 0.911 - 0.00375 depth-1 + 1.65 inter-1 
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where: 
Log (ss b): Log transformed suspended solids values of filter B. 
depth- 1: Sand bed depth upto 400 mm. 
inter- 1: Difference of the intercept up to 400 mm depth. 
The model can be rewritten, however, in a simpler form for ease of 
understanding as below 
Log (ss b) = 2.561 - 0.00375 depth (for depths 0-400 mm) 
Log (ss b) = 0.911 (for depths 400-1200 mm) 
The plot of the residuals (figure 9.6) does not possess any pattern and 
the histogram of the residuals (figure 9.7) is approximately normally 
distributed. It can therefore be concluded that the model is adequate. 
List of the suspended solids models 
Fflter A 
Log (ss a) = 2.11 - 0.00242 depth (for depths 0-400 mm) 
Log (ss a) = 1.11 (for depths 400-1200 mm) 
FUter B 
Log (ss b) = 2.561 - 0.00375 depth (for depths 0-400 mm) 
Log (ss b) = 0.911 (for depths 400-1200 mm) 
Fflter C 
Log (ss c) = 2.108 - 0.00217 depth (for depths 0-400 mm) 
Log (ss c) = 0.878 (for depths 400-1200 mm) 
9.8.3 Particulate Organic Carbon Content 
An example of the a 
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The plot of the log transformed particulate organic carbon content of 
the sand samples from filter C was produced (figure 9.8). 
0.15+ 
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Figure 9.6 Plot of the residuals 
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Figure 9.7 Histogram of the residuals 
It can be seen from figure 9.8 that the particulate organic carbon 
content decreases considerably as the sand depth increases upto the 
400 mm bed depth. With greater depths the POC content continues to 
decrease as the depth increases but at a diminished rate after 400 
Mm. Regression analysis was carried out on the data (table 9.10). 
The P values of the t-ratios from table 9.10 indicate that the slope of 
the variable depth-2 was not significant and hence could be left out of 
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the model. The regression analysis was then carried out ornitting the 
variable depth-2 (table 9.11). 
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logpoc C- 
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9.8 Plot of log transformed POC content of the sa 
ITable 9.10 Regression analvsis (full model) 
I 
MTB > regr c35 3 c16 c17 c18; 
SUBC> resid c22. 
The regression equation is 
logpoc c=2.87 - 0.00280 depth-1 -0.000875 depth-2 + 0.445 inter-1 
Predictor Coef Stdev t-ratio p 
Constant 2.8735 0.4132 6.95 0.000 
depth-1 -0.0028042 0.0005560 -5.04 0.002 
depth-2 -0.0008745 0.0004455 -1.96 0.097 
inter-1 0.4451 0.4322 1.03 0.343 
s=0.1992 R-sq = 91.2% R-sq(adj) = 86.9% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 3 2.48044 0.82681 20.83 0.001 
Error 6 0.23820 0.03970 
Total 9 2.71864 
SOURCE DF SEQ SS 
depth-1 1 0.01166 
depth-2 1 2.42667 
inter-1 1 0.04211 
0 
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Table 9.11 Regression analysis (reduced model) 
MTB > regr c35 2 c16 C18; 
SUBC> resid c22. 
The regression equation is 
log-poc c=2.09 - 0.00280 depth-1 + 1.23 inter-1 
Predictor Coef Stdev t-ratio p 
Constant 2.0864 0.1182 17.65 0.000 
depth-1 -0.0028042 0.0006597 -4.25 0.004 
inter-1 1.2322 0.1914 6.44 0.000 
s=0.2364 R-sq = 85.6% R-sq(adj) = 81.5% 
Analysis of Variance 
SOURCE DF SS ms Fp 
Regression 2 2.3275 1.1637 20.83 0.001 
Error 7 0.3912 0.0559 
Total 9 2.7186 
SOURCE DF SEQ SS 
depth-1 1 0.0117 
inter-1 1 2.3158 
From table 9.11 it can be seen that the R-squared statistic indicates 
that 85.6 % of the variablity was explained by the model. The P value of 
the F statistic shows that the model was significant at all levels of 
significance. The P values of the t-ratios show that all the variables in 
the model contribute significantly. 
from the full model and from the 
9.11) as shown below: 
The partial F ratio was calculated 
reduced model (tables 9.10 and 
(2.48044 - 2.3275) / (3 - 2) 
0.03970 
Critical F value is F1,6 = 5.99. 
= 3.85 
Partial F=3.85 < critical FI, 6 = 5.99 and therefore the contribution of 
the variable depth-2 to the model was not significant and could be 
omitted from the model without reducing its significance. Hence it 
can be concluded that the model is a constant for the depths 400 mm- 
1200 mm. 
The reduced model (from table 9.11) is 
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Log (poc C) = 2.09 - 0.00280 depth-I + 1.23 inter-I 
where: 
Log (poc c): Log transformed POC content of samples 
depth- 1: Sand bed depth up to 400 mm 
inter- 1: Difference of intercept up to 400 mm. 
The model can be rewritten in a simpler form for ease of 
understanding as below: 
Log (poc c) = 3.32 - 0.00280 depth (for depths of 0-400 mm) 
Log (poc C) = 2.09 (for depths of 400-1200 mm). 
The plot of the residuals (figure 9.9) shows no pattern and histogram 
of the residuals (figure 9.10) is approximately normally distributed. 
Therefore it can be concluded that the model is adequate. 
0.25+ 
residual- 
0.00+ 
-0.25+ 
--------------------------------------------------------- logpoc c 
1.75 2.10 2.45 2.80 3.15 3.50 
Figure 9.9 Plot of the residuals. 
270 
Midpoint Count 
-0.4 1 
-0.3 1 
-0.2 0 
-0.1 1 
0.0 3 
0.1 2 
0.2 0 
0.3 2 
Figure 9.10 Histogram of the residuals. 
List-of particulate organic carbon models 
Fflter A 
Log ýpoc a) = 3.38 - 0.00349 depth (for depths of 0-400 mm) 
Log (poc a) = 1.76 (for depths of 400-1200 mm) 
FUter B 
Log (poc b) = 3.56 - 0.00379 depth 
Log (Poc b) = 2.09 
(for depths of 0-400 mm) 
(for depths of 400-1200 mm) 
Filter C 
Log (poc c) = 3.32 - 0.00280 depth (for depths of 0-400 mm) 
Log (poc c) = 2.09 
9.8.4 Bacteria Content 
(for depths of 400-1200 mm). 
As mentioned earlier, sand samples from filter B up to a depth of 200 
mm were taken and the procedure for enumerating bacteria was 
applied on these samples with dilutions of Up to 10-3. After incubation 
of the plates, it was not possible to count them because the dilutions 
had been too low. Therefore the bacteria count data of the filter bed up 
to 200 mm depth is missing and hence a regression analysis was not 
carried out for filter B. A regression analysis was however, carried out 
for filters A and C. The analysis of filter C is included as an example 
and the results of the analyses for filter A are also included. 
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The plot of the log transformed bacteria counts of the sand samples 
from filter C is given in figure 9.11. From the plot it can be seen that 
the bacteria count decreases considerably as the sand depth increases 
up to a depth of 400 mm. The bacteria content then gradually 
decreases as the depth increased below 400 mm. 
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logbac c- 
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lFigure 9.11 Plot of the log transformed bacteria content of samples 
A regression analysis was carried out on the data and the results are 
given table 9.12. The P values of the t-ratios from table 9.12 indicate 
that the model could be reduced by omitting the variable depth-2, 
because the slope of depth-2 is not significant. 
Regression analysis was carried out again without the variable depth-2 
(table 9.13). From table 9.13, it can be seen that the R-squared 
indicates that 94.1 % of the variability is explained by the model. The 
P value of the F statistic shows that the model was significant at all 
significance levels. The P values of t-ratios, however, indicate that the 
constant was not contributing significantly to the model and hence 
was omitted from the model as well. 
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Table 9.12 Regression ana sis (full model) 
MTB > regr c38 3 c16 c17 c18; 
SUBC> resid c22. 
The regression equati on is 
logbac c=0.363 - 0. 00545 depth-1 -0-000319 depth-2 + 2.05 inter-1 
Predictor Coef Stdev t-ratio p 
Constant 0.3631 0.6043 0.60 0.570 
depth-1 -0.0054482 0.0008133 -6.70 0.001 
depth-2 -0.0003193 0.0006516 -0.49 0.642 
inter-1 2.0474 0.6322 3.24 0.018 
s=0.2914 R-sq = 94.3% R-sq(adj) = 91.4% 
Analysis of Variance 
SOURCE DF SS ms F p 
Regression 3 8.4051 2.8017 32.99 0.000 
Error 6 0.5096 0.0849 
Total 9 8.9146 
SOURCE DF SEQ SS 
depth-1 1 0.0704 
depth-2 1 7.4439 
inter-1 1 0.8908 
Unusual Observations 
Obs. depth-1 logbac c Fit Stdev. Fit Residual St. Resid 
102.9165 2.4106 0.1856 0.5059 2.25R 
R denotes an obs. with a large st. resid. 
Regression analysis was carried out with the variables depth- I and 
inter- 1 but without having a constant in the model (table 9.14). From 
table 9.14, the P value of the F statistic shows that, the model is 
significant at all level of significance and the P values of the t-ratios 
show no variable was insignificant in the model. 
The final model (from table 9.14) is: 
Log (bac c) =-0.00545 depth + 2.41 inter-1 
where: 
Log (bac c): Log transformed bacteria content of samples of filter C. 
depth-1: Sand bed depth up to 400 mm. 
inter- 1: Intercept of the model up to 400 mm depth. 
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ITable 9.13 Regression analysis (reduced model). 
MTB > regr c38 2 c16 c18; 
SUBC> resid c22. 
The regression equation is 
logbac c=0.076 - 0.00545 depth-1 + 2.33 inter-1 
Predictor Coef Stdev t-ratio p 
Constant 0.0758 0.1376 0.55 0.599 
depth-1 -0.0054482 0.0007679 -7.10 0.000 
inter-1 2.3348 0.2228 10.48 0.000 
s=0.2751 R-sq = 94.1% R-sq(adj) = 92.4% 
Analysis of Variance 
SOURCE DF Ss ms Fp 
Regression 2 8.3847 4.1923 55.38 0.000 
Error 7 0.5299 0.0757 
Total 9 8.9146 
SOURCE DF SEQ SS 
depth-1 1 0.0704 
inter-1 1 8.3143 
ITable 9.14 Regression analysis (final model). 
MTB > noco 
MTB > regr c38 2 c16 c18; 
SUBC> resid c22. 
The regression equation is 
logbac c=-0.00545 depth-1 + 2.41 inter-1 
Predictor Coef Stdev 
Noconstant 
depth-1 -0.0054482 0.0007337 
inter-1 2.4106 0.1674 
s=0.2629 
Analysis of Variance 
SOURCE DF SS 
Regression 2 16.5350 
Error 8 0.5529 
Total 10 17.0879 
t-ratio p 
-7.43 0.000 
14.40 0.000 
ms F 
8.2675 119.62 
0.0691 
SOURCE DF SEQ SS 
depth-1 1 2.2095 
inter-1 1 14.3255 
Unusual Observations 
p 
0.000 
Obs. depth-1 logbac c Fit Stdev. Fit Residual St. Resic 
102.9165 2.4106 0.1674 0.5059 2.50F 
211.9777 2.4051 0.1669 -0.4274 -2.10F 
R denotes an obs. with a large st. resid. 
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The model can be rewritten in simpler form for ease of understanding 
as below: 
Log (bar- c) = 2.41 - 0.00545 depth 
Log (bac c) = 
(for depths of 0-400 mm) 
(for depths of 400-1200 mm). 
The plot of the residuals (figure 9.12) does not have any pattern and 
the histogram of the residuals (figure 9.13) is normally distributed. 
Hence t1le model is adequate. 
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Figure 9.12 Plot of the residuals 
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Figure 9.13 Histogram of the residuals 
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List of the bacteria content models 
Filter A 
Log (bac a) = 2.23 - 0.00499 depth (for depths of 0-400 mm) 
Log (bac a) = (for depths of 400-1200 mm). 
FUter C 
Log (bac c) = 2.41 - 0.00545 depth (for depths of 0-400 mm) 
log (bac c) = 
9.9 Penetration Of Solids 
(for depths of 400-1200 mm). 
From table 9.1, solid penetration was evident and this was modelled 
on the basis of turbidity and suspended solids. The turbidity models 
are listed in section 9.8.1 and the suspended solids models are listed 
in section 9.8.2. The level of significance and the coefficient of 
determinations for each of these models are listed in table 9.15. 
The suspended solids and the turbidity models show that solids 
penetration decreased considerably as the depth increased but was 
still evident up to the 400 mm bed depth. 
The models show that after 400 mm depth the suspended solid and 
the turbidity content of the beds vary randomly around a constant 
value and there is no evidence to suggest that solids have penetrated 
deeper than the 400 mm depth level in any of the three filters 
There is no evidence to suggest that solid penetration depths of the 
filter beds were any different between the filters. 
9.10 Extention Of Biological Activity 
It was assumed that the bacteria content and the POC content of the 
sand samples were indicators of the biological activity within the sand 
bed. Penetration of the biological activity deeper into the sand bed was 
then investigated by means of modelling the particulate organic carbon 
and the bacteria content of the sand samples. The POC models are 
listed in section 9.8.3 and the bacteria models are listed in section 
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9.8.4. The level of significance and the coefficient of determinations 
for each of these models are also given in table 9.15. 
The models show that both particulate organic carbon and bacteria 
counts decrease as the depth increases. However, the POC and 
bacteria content models, clearly show the presence of biological 
activity down to the 400 mm bed depth. 
There is evidence to suggest that the POC and the bacteria content of 
the filter beds were constant at the levels deeper than 400 mm. The 
development of biological activity in these lower sections of the filter 
beds was, as had been expected, much less than in the upper zones. 
There is no evidence to suggest that the development of biological 
activity with depth in the filter beds was any different between the 
filters. However, there is marginal evidence to suggest that the 
biological activity , measured on the basis of POC and bacteria content, 
was stronger at deeper levels of the bed with the coarser filter than 
the finer filter. 
Table 9.15 Significance and the coefficients of determinations for the 
sand examination models. 
Model 
name 
R-squared 
(%) 
R-squared 
(adjusted)(%) 
F-statistic p Level of 
significance 
Log (tur a) 96 95 75.6 0.000 0.1% 
Log (tur b) 97 96 85.3 0.000 0.1% 
Log (tur c) 97 96 94.7 0.000 0.1 % 
_Log 
(ss a) 92 90 36.2 0.000 0.1 % 
_ 
Log (ss b) 96 94 64.3 0.000 0.1 % 
Log (ss c) 97 96 105.1 0.000 0.1 % _ Log (Poc a) 89 86 29.4 0.000 0.1% 
, Log (poc b) . 94 93 59.6 0.000 0.1% 
Log (Poc c) 85.6 81.5 20.8 0.001 0.1% 
Log (bac a) No-const ' Iý ý ' No-const 88.7 0.000 
0.1% 
Log (bac c) n s t No-co 
tNo-const 
119.6 0.000 0.1 % 
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CHAPTER TEN: 
CONCLUSRONS 
10.1 Conclusions 
10.2 Reconunendations For Future Research 
278 
CONCLUSIONS 
10.1 Conclusions 
The following conclusions have been summarized from this 
investigation based on the operation of three I ab oratory- scale slow 
sand filters. 
1- The principal operational and design parameters of slow sand 
filters were investigated. The variables involved were sand size, sand 
depth, flow rate, temperature and influent quality. The experimental 
investigation was carried out in five phases. The first phase was the 
maturation period, the second, the third and the fourth phases were 
the 25 OC, the 15 'C and the 5 OC periods. The fifth phase 
encompassed the examination of the sand samples taken from the 
filters. 
2- Regression models involving the various variables and employing 
the experimental data were produced. 96 statistically significant 
regression models were developed. These models are helpful for both 
the better understanding of slow sand filters and for estimating the 
filtrate quality under the various conditions that were employed during 
the investigation. 
3- During the maturation period, the filtrate quality measured in terms 
of total coliform content, faecal coliform content and suspended solid 
content, was found to be independent of the number of days that 
filters had been in operation. The maturation process did not have any 
effect on total coliform and faccal coliform removal. 
4- During the maturation period the suspended solids removal was not 
affected by the run length. However, the turbidity removal improved 
gradually with the number of days that filters had been in operation. 
This was the only indication of developing maturation. 
5- The removal values of the principal filtrate quality parameters 
decreased with decreasing temperature and increasing flow rates 
although this phenomenon was often only evident at the extremes of 
flow rate and temperature. The removal of the principal filtrate quality 
parameters appeared to be independent of sand grain size although 
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with declining temperatute and increasing flow rates a deeper 
penetration of bacteria and solids into the sand bed was evident. 
6- During the 25 OC, the 15 OC and the 5 OC periods all the filters 
performed excellently. There was no significant difference in the 
performance of the filters as a result of different sand sizes. 
7- More faecal coliform and total coliform bacteria penetrated deeper 
into the sand with the higher flow rates of 0.4 m/h and 0.5 m/h. 
8- With decreasing temperature (15 'C and the 5 1C) the deeper 
penetration of faecal coliform. and total coliform was noticable even at 
the slow treatment rate of 0.1 m/h and was more severe at the higher 
flow rates. However, the majority of faecal coliform and total coliform 
bacteria was almost always removed within the top 100 mm of the 
sand bed. It was probably the schmutzdecke that was the most 
effective section of the filters for the removal of these bacteria. 
9- The suspended solids content of the influent water was always 
removed to an acceptable levels within the first 100 mm depth of the 
sand bed. The turbidity content of filtrates from the 100 mm sand 
levels was less than 1.0 NTU, except during the 5 OC investigation. 
Most of the turbidity content of the influent was also removed within 
the first 100 mm depth of sand. It was probably the schmutzdecke 
again that was the most effective section of the filters for removing 
suspended solids and turbidity. 
10- The turbidity content of all the filtrates taken from the 1.2 m sand 
level was largely independent of the influent value, flow rates and the 
sand sizes. 
11- Point estimates of faecal coliform models showed that during the 
25 'C period, within the first 100 mm of the sand bed, 99 % of faecal 
coliform bacteria was removed at filtration rates of 0.1 m/h and 0.2 
m/h while 95 % was removed at 0.3 m/h and 87 % was removed at 
0.4 m/h and 0.5 m/h. During the 15 OC investigation within the first 
100 mm of sand bed, 95 % of faecal coliform was removed at 0.1 and 
0.2 m/h while faecal coliform removals of 88 % at 0.3 m/h and of 82 
% at 0.4 m/h and 0.5 m/h were achieved. The removal figures 
dropped during the 5 OC period to 92 % at 0.1 m/h, to 82 % at 0.2 
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m/h and to 67 % at 0.3 m/h. The lowest faecal coliform removal 
within the top 100 mm sand layer was recorded during the 5 'C 
period at the flow rates of 0.4 m/h and 0.5 m/h and was only 37 %. 
However, the faecal coliform removal was excellent at the 1.2 m level 
of the filters and was 99 % at all the flow rates at 25 OC and 15 OC. The 
removal was also 99 % at 0.1 and 0.2 m/h during the 50C period but 
dropped to 97 % at 0.3 m/h, 0.4 m/h. 
12- Point estimates of the total coliform models showed that during 
the 25 'C period, within the top 100 mm of sand, 99 % of the total 
coliform content of the influent was removed at 0.1 m/h and 0.2 m/h. 
The removal dropped slightly to 95 % at 0.3 and 0.4 m/h and was 87 
% at the flow rate of 0.5 m/h. During the 15 'C investigational period 
the removal rate was 99 % at 0.1 m/h and 92 % at 0.2 and 0.3 m/h. 
The total coliform removal was 88 % and 84 % at 0.4 and 0.5 m/h flow 
rates during the 15 OC period. Then during the 5 OC investigational 
period 92 % and 81 % respectively of the total coliform content were 
removed at the flow rates of 0.1 m/h and 0.2 m/h. However, the 
removal dropped to 68 % at the flow rate of 0.3 m/h and was the 
lowest, 50 %, at the flow rates of 0.4 m/h and 0.5 m/h. The total 
coliform removal at the 1.2 m sand level was 99 % at all the flow rates 
of the 25 OC and the 15 'C investigational periods. During the 5 'C 
period total coliform removal was again 99 % for the flow rates of 0.1 
m/h, 0.2 m/h and 0.3 m/h and was 98 % at the flow rate of 0.4 m/hi 
The total coliform. removal at 0.5 m/h during the 5 'C period was 97 
13- Point estimates of the suspended solid models showed that the 
suspended solid content of the filtrate from the 100 mm sand level 
was less than I mg/l at all the flow rates during the 25 'C and 15 'C 
investigations but was about 2.5 mg/l during the 5 'C investigational 
period. Similarly the suspended solid content of the filtrates from the 
1.2 m sand level was less than 0.5 mg/l during the 25 'C and the 15 'C 
periods while it was about 1.0 mg/l during the 5 'C period. 
14- Point estimates of the turbidity models revealed that the turbidity 
content of the filtrate at the 100 mm sand level was usually less than 
0.5 NTU during the 25 'C and the 15 'C periods but that the turbidity 
content rose to about 3 NTU during the 5 IC period. However, the 
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turbidity content of the filtrates from the 1.2 m sand level of the filters 
was less than 0.5 NTU during all the conditions investigated. 
15- The faecal coliform. and the total coliform bacteria removal within 
the first 100 mm level increased with increasing temperature while 
higher proportions were removed down to a depth of 400 mm with 
decreasing temperatures. 
16- The percentage removal of faecal coliform between the sand 
depths of 100 mm and 400 mm during 25 'C was only 6.7 % for filter 
A, 8.1 % for filter B and 11.9 % for filter C. During the 15 'C period 
these figures increased to was 10.2 % for filter A, 17.5 % for filter B 
and 14.7 % for filter C. During the 5 'C period, however, the 
proportion removed between the 100 mm and 400 mm levels was 
37.9 % for filter A, 40.7 % for filter B and 35.4 % for filter C. The 
average percentage removal of the influent faecal coliform between the 
depths of 600 mm and the 1200 mm was 0.3 %. 
17- The average percentage removal of total coliform bacteria between 
the depths of 100 mm and 400 mm of the filter bed during the 25 'C 
period was 2.1 % for all the filters. The average percentage removals 
for the same section of the filters during the 15 'C period was 6.5 % 
for all the filters and was about 15 % during the 5 'C period. The 
average percentage removal of total coliform bacteria within the last 
600 mm section of the filters was 0.4 % for all the temperatures. 
18- Ammonia nitrogen removal was higher at the 1.2 m sand level 
than at the 100 mm level. There was no significant difference between 
the filters in the removal of ammonia. On average 0.6 mg/l of the 
ammonia content of the influent water was removed. The nitrate 
contents of the filtrates from the three filters were not significantly 
different. The average nitrate concentration in the influent was 3.9 
mg/l while the average was 4.2 mg/I in the filtrates of the three filters. 
19- The dissolved oxygen contents of the filtrates from the three 
filters were not significantly different. The average dissolved oxygen 
content of the filtrates was 5.1 mg/l and the average amount of 
dissolved oxygen consumed was 1.6 mg/l. 
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20- The removal of the total organic carbon through the filters was not 
significantly different. On average 0.7 mg/l TOC was removed by all the 
filters under all conditions. 
21- Both the pH and the Colour were reduced only by very small 
amounts and the filters did not react differently to either of these 
parameters. 
22- The slow sand filters did not have any effect on the electrical 
conductivity of the influent waters. 
23- During the investigation the maximum, the average and the 
minimum run lengths were 34,9 and 2 days for filter A and filter A 
was cleaned 69 times during the investigation. The run lengths for 
filter B changed from a minimum of 2 days to a maximum of 83 days 
while the average run length was 28 days. During the whole 
investigation filter B was cleaned 22 times and filter C was cleaned 19 
times. Maximum, minimum and average run lengths were 96 days, 2 
days and 36 days respectively for filter C during the investigation. 
10.2 Recommendations For Future Research 
The investigation reported here should be repeated at a pilot-scale in 
different environmental conditions approximating to the temperatures 
investigated. Larger periods should be allowed at each flow rate. 
A more detailed investigation should be made, at a laboratory- scale, of 
the oxygen demand generated by TOC removal and nitrification and 
this demand compared with the removal of dissolved oxygen through 
the depth of the filters. I 
Removal of organic substances particularly detergents, pesticides, 
fertilizers, petroleum oil and THM precursors should be investigated. 
The effect of sand size, sand depth, temperature and flow rates on the 
removal of such substances should be considered. 
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APPENDIX A: WATER SAMPLES TEST PROCEDURES 
A-1 Enumeration Of Faecal And Total Coliform 
Total and Faecal coliforms were determined by the membrane 
filtration technique described in Standard Methods (1989). 
1.1 Equipment And Materials 
- Autoclaved membrane filter funnel. 
- Filter flask with clamps, stand etc. 
- Vaccum pump with tubing arrangement. 
- Membrane filters and media absorbent pads (47 mm diameter). 
- Sterilized petri dishes. 
- Sterilized forceps. 
- Burner. 
- Sterilized syringe and needle. 
- Incubators. 
- Colony counter. 
- M-FC broth (for faecal coliform). 
- Endo Broth (for total coliform). 
- 500-ml bottles containing sterilized 450 ml ringers solution 
(quarte, 
strength). 
- Sterilized buffer solution. 
- Sterilized glassware. 
- Alcohol wash bottle. 
I 
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1.2 Preperation Of Culture Medium For Total Coliforms 
4.8 g of endo broth powder, which contained 1.0 g Tryptose, 0.5 g 
Peptone from meat, 0.5 g Peptone from casein, 0.15 g Yeast extract, 
0.5 g Sodium chloride, 0.437 g Di-potassium hydrogen phosphate, 
0.137 g Potassium dihydrogen phosphate, 1.25 g Lactose, 0.01 g! 
Sodium deoxycholate, 0.21 g Sodium sulfite, 0.005 g Sodium lauryl 
sulfate, 0.105 g Fuchsin basic, were added in 100 ml of pure water 
containing together with 2.0 ml of 95 % Ethanol in a 250 ml conical 
flask and rehydrated by heating to near boiling, promptly removed 
from heat and cooled to room temperature, immediately before 
filtration process. 2 ml of this broth were added to each petri dish 
containing absorbent pad. This broth was prepared fresh every time 
before use. 
1.3 Preperation Of Culture Medium For Faecal Coliforms 
3.7 gram of M-FC broth powder, which contained 1.0 g of Bacto 
Tryptose, 0.5 g Proetose Peptone No 3,0.3 g Bacto Yeast Extract, 0.5 
g Sodium Chloride, 1.25 g Lactose, 0.15 g Bacto Bile Salts No 3 and 
0.01 g Aniline Blue, were added in 100 ml of pure water into which 
also added 1.0 ml of I% rosolic acid in 0.2 N NaOH in a 250 ml 
conical flask and were rehydrated by heating to near boiling, promptly 
removed from heat and cooled to room temperature. Prior to filtration 
process, 2 ml of this broth were added to each petri dish containing 
absorbent pad. This broth was also prepared fresh every time before 
use. 
1.4 Preparation Of Reagents 
1.4.1 Ringer Solutions (Quarter Strength) 
2.25 g sodium chloride, 0.105 g potassium chloride, 0.12 g calcium 
chloride and 0.05 g sodium bicarbonate were dissolved in 1L of 
distilled water. pH was checked to be 7.0 and autoclaved at 121 OC for 
20 minutes in 500 ml bottles each containing 450 ml of this solution. 
This solution was prepared in large quantity to prepare approximate 
dilutions of different samples. 
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Alternatively one tablet, which contained 1.125 g sodium chloride, 
0.0525 g potassium chloride, 0.06 g calcium chloride and 0.025 g 
sodium bicarbonate was dissolved in a 500 ml bottle containing 500 
ml of pure water. 50 ml of solution was removed to leave 450 ml 
solution in the bottle. Sufficient number of bottles of solution were 
prepared all the bottles were then autoclaved at 121 'C for 20 minutes 
and cooled down to the room temperature before use. 
1.4.2 Phosphate Buffer Solution 
34.0 9 ptassium dihydrogen orthophosphate were dissolved in 500 ml 
of pure water. pH was adjusted to 7.2 with 1N Sodium hydroxide 
made up by dissolving 40.0 g sodium hydroxide in a litre of pure water 
and diluted to one litre with pure water. This solution was kept as a 
stock solution in a refrigerator. Fresh stock solution was prepared 
when this solution become turbid. 
1.25 ml of the stock solution was added to one litre bottle containing 
pure water and mixed. Sufficient number of bottles of phosphate buffer 
solution was prepared. The bottles were then autoclaved at 121 'C for 
20 minutes and cooled down to room temperature. 
1.5 Procedure 
1.5.1 Sample Dilutions 
Water sample was shaken throughly and using a 50 ml sterilized 
cylinder, 50 ml portion of the sample was added into a bottle 
containing 450 ml of ringer solution (quarter strength). Bottle was 
stoppered immediately. Diluted sample was shaken wery well anq,, 
labelled as 101 (50 ml made up to 500 ml is a dilution by a factor of 
10). Taking another sterilized 50 ml cylinder, 50 ml from'diluted 
sample (101) were added into another bottle of 450 ml ringer solution. 
The bottle was stoppered and labelled as 102. Similarly other dilutions 
were prepared according to sample quality. Used measuring cylinders 
were placed in a sterilizing oven for sterilization and used dilution 
bottles were autoclaved before discarding their content. 
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1.5.2 Preparation Of Petri Dishes 
The packing of sterilized petri dishes was opened and a sterile 
absorbent pad was placed in every petri dish using the dispenser 
provided. Using a sterile pipette, 2 ml of prepared broth were 
pipetted on to the absorbent pad. Petri dish was covered and marked 
according to the sample identification. Duplicate petri dishes were 
prepared for each sample dilution. 
1.5.3 FUtration 
Sterile wrapping of the filter holder was removed. Filter holder was 
placed on the filter flask. Care was taken not to touch to inside of filter 
holder. Sterile forcep was taken out from its wrapping and placed in a 
alcohol bottle. Using the sterile forcep a sterile membrane filter was 
taken from its packet and loaded in the sterile filter holder with grid 
side upward. The forcep was dipped in alcohol flammed to sterilize 
the tips and allowed to cool for a few moments before handling the 
membrane. Membrane was then rinsed with about 20 ml of phosphate 
buffer solution using sterilized 50 ml syringe and needle. All liquid was 
filtered through mebrane filter with help of a vaccum pump connected 
to flask. Sample filtration was started from the most diluted sample. 
The diluted sample was first shaken well and its 50 ml portion was 
taken sterilized measuring cylinder and poured on to the mambrane 
filter. After the sample filtered through the membrane filter, the wal 
of the funnel was rinsed 3 times with at least 30 ml of phosphate 
buffer solution using the syringe and needle. On completion of 
filtration vaccum pump was switched off and filter holder funnel was 
removed. Membrane filter was then transferred in to the prepared 
petri dish with care so that no air bubbles trapped between the 
membrane and the absorbent pad which was saturated with broth. 
1.5.4 Incubation 
After all the samples were filtered the petri dishes were placed in a 
water proof plastic bag. The petri dishes for total coliform analysis 
were placed in an incubators for 18 hours at 37 'C ± 0.2 'C and the 
petri dishes for faecal coliform analysis were placed in an incubator for 
18 hours at 44 'C ± 0.2 OC. 
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1.5.5 Calculations i 
Duplicate counts of faecal coliform and total coliform of all the 
dilutions were achieved by using their appropriate dilution factor the 
exact number of colonies was calculated for each sample dilution and 
mean was taken of two values for each sample. These were the counts 
per 50 ml, therefore were multiplied by 2 to obtain number of 
colonies per 100 ml of that sample. After counting of colonies all the 
petri dishes were placed in a bin especially used for bio-hazardous 
material to be autoclaved and discarded safely. 
A-2 Suspended Solids 
For measuring suspended solids the method was as described in 
standard methods (1989). A 7.0 mm diameter Whatman GF/C filter 
paper was clipped into the Hartley Buchner Funnel and washed with 
three succesive 20 ml portions of pure water. A Vaccum pump was 
employed to help the filtration process. After complete filtration the 
filter paper was placed in a aluminium planchet and dried in an oven 
at 105 'C for an hour. It was cooled in a dessicator and weight 
immediately before use. A volume of 1000 ml of sample was filtered 
through the same filter paper. Filter paper plus suspended solids 
dried in the oven at 105 OC for an hour. It was then cooled in the 
dessicator and weighed. The difference in Weights of the filter paper 
(before and after sample filtration) in mg was the amount of mg 
suspended solid per litre of the sample. 
A-3 Turbidity 
Turbidity of water samples was determined using a portable Hach 
turbidimeter. Firstly the scale of the turbidimeter was standardised 
with the standard solution provided. A sufficient volume of adequately 
mixed sample was placed into the test tube provided. Then the 
turbidity of the sample in NTU (Nephelometric Turbidity Unit) was 
determined. 
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A-4 Arrunonia 
Palintest ammonia test was emloyed to determine the ammonia 
content of samples. The test is based on an indophenol method. The 
reagents are provided in the form of two tablets. 
4.1 Equipment And Materials 
- Palintest photometer. 
- 10 ml glass round test tube. 
- Palintest ammonia no. 1 tablet. 
- Palintest ammonia no. 2 tablet. 
4.2 Procedure 
The sample was filled in a test tube up to the 10 ml mark. One of each 
Ammonia no. 1 and Ammonia no. 2 tablets were added and were 
dissolved. Then it was left for 10 minutes to allow colour development. 
Photometer reading was made setting its wavelength to 640 nm. 
Consulting the ammonia calibration chart, the number recorded by the 
photometer was converted to the ammonia content of the sample in 
mg/l as N. 
A-5 Nitrate 
Palintest nitrates was used to determine the nitrate content of 
samples. In the palintest method nitrate is first reduced to nitrite and 
then the nitrite is determined by a diazonium reaction to form a 
reddish dye. 
5.1 Equipment And Materials 
- Palintest photometer. 
- 20 ml plastic palintest tube. 
- 10 ml glass round test tube. 
- Palintest nitratest powder. 
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- Palintest nitratest tablet. 
- Palintest nitricol tablet. 
5.2 Procedure 
Plastic tube was filled with sample upto the 20 ml mark. One spoonful 
of nitratest powder and one nitrates tablet were added into the plastic 
tube. The plastic tube was stoppered and was shaken well for one 
minute. The plastic tube was left for a minute and then gently inverted 
three or four times. The plastic tube was again allowed to stand for two 
minutes or longer and the glass test tube was filled up to 10 ml mark 
with this solution. One nitricol tablet was added into the glass tube and 
was dissolved. The glass tube was allowed to stand for ten minutes for 
colour development. Photometer reading was made setting its 
wavelength to 570 nm. Consulting the nitratest calibration chart, the 
number recorded by photometer was converted to the nitrate content 
of sample in mg/l as N. 
A-6 Dissolved Oxygen 
6.1 Reagents 
6.1.1 Lsanous Sulphate Solution 
500 g of MnS04, H20 were dissolved in pure water and volume made 
up to one litre. 
6.1.2 Alkaline Iodide Azide 
400 gram of NaOH were dissolved in 560 ml of pure water. 900 gram 
NaI were also added and the solution kept hot untill all NaI dissolved. 
After cooling the volume was made upto one litre. The solution was let 
to stand overnight and decanted if considered necessary. 
6.1.3 Sulphutric Acid (50 %) 
6.1.4 Sodium Thiosulphate (N/80) Solution 
3.15 gram of Na 2S203 *5H 20 were diluted in one litre pure water and 
5 
Mg mercuric iodide were added to stabilize the solution and stored in, 
brown glass bottle. 
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6.1.5 Starch Indicator Solution 
A little cold water was added to 5 gram soluable starch mixed into a 
thin paste and poured into one litre of boiling pure water. After 
allowing to settle overnight the clear supernatant was collected and 
used. 
6.2 Procedure 
The sample was collected into a 250 ml glass stoppered airtight BOD 
bottles without allowing it to come in contact with air. To the bottle 
2.0 ml of manganous sulphate and 2.0 ml of alkaline iodide azide 
solutions were added. A brown precipitate was formed immediately. 
This was let to settle to the lower third of the bottle. Mixing and 
settling was repeated for second time. Settled precipitate was then 
dissolved by adding 4.0 ml of 50 % sulphuric acid and shaken to get 
clear iodine liquid. 200 ml of that solution were removed from the 
bottle and poured into a clean 500 ml conical flask and titrated with 
N/80 sodium thiosulphate solution untill the colour changed frorýi 
honey to straw. At thas point 2.0 ml of starch indicator solution were 
added and blue-black colour titrated to a colourless endpoint. The 
volume of titrant was divided by 2 is equal to mg amount of dissolved 
oxygen content of per litre sample. 
A-7 pH 
pH of water samples was measured by using a hand probe type 
Palintest pH-Microsensor. Firstly the hand probe was standardised 
with buffer standard solution of a known pH. Any variation of the scale 
was adjusted by the adjustment screw. Then it was dipped in to the 
water sample. The reading was recorded after digits consolidated. 
After use the pH meter was switched off and washed with pure water. 
A-8 Colour 
I 
Colour of water samples were measured by comparing the sample 
colour to colour of standardised Hazen disk. Lovibond 2000 Mark 11 
comparator fitted on a white light cabinet was employed. One of the 
tubes, which had 250 mm optical path length, was filled with pure 
water and the other one was filled with sample. Both of the tubes were 
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placed in the white light box cabinet. The light was switched on and 
Hazen colour disk was rotated till the colour of the two tubes look the 
same. Then the number from Hazen disk was recorded as the colour of 
the sample in hazen units. 
A-9 Electrical Conductivity 
Electrical conductivity of water samples were determined using a Kent 
EIL 5013 conductivity bridge. The equipment was calibrated first by 
setting the selector switch on test position. Sample was placed in the 
sample cell and electrical conductivity of sample was recorded as 
ýts/cm. The temperature of the sample was also recorded. The 
electrical conductivity measurements were compansated acording to 
the temperature that 1 OC increase of temperature increases the 
electrical conductivity 2.2 %. All results reported at a temperature of 
25 OC. 
0 
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APPENDIX B: EXPERIMENTAL RESULTS 
B-1 Maturation Period [Faecal Coliform Counts (CPU/100 ml)] 
A B c D' 
1 Date Influent Filtrate A10 Filtrate A 
2 
3 
6/6/90 
11/6/90 
580 
3770 
275 
5 
0 
9 
4 15/6/90 80 ............... ...... 80 36 
5 
6 
7 
18/6/90 
20/6/90 
27/6/90 
2980 
530 
1585 
136 
5 
58 
2 
1 
6 
8 
9 
10 
5/7/90 
6/7/90 
10/7/90 
320 
190 
240 
33 
10 
49 
_ 5- 
1 
7 
11 
12 
12/7/90 
17/7/90 
10 
40 
1 
1 
2 
0 
13 19/7/90 --------------- 0 0 0 
14 - ----------- -------- 24/7/90 --------------- 10 0 1 
15 
16 
27/7/90 
------------ 31/7/90 
450 
0 
13 
0 
0 
0 
17 3/8/90 5000 40 7 
18 6/8/90 470 j 2 1 
19 8/8/90 80 _ ----------------------- -- 7 4 
20 10/8/90 4400 129 0 
21 
22 
13/8/90 
1 5/8/90 
310 
2310 
1 
----------------- 101 ----- 
2 
5 
23 17/8/90 70 
------------------ 
6 1 
24 
25 
20/8/90 
22/8/90.... ............ 
90 
7945"-, 
0 L. 
---------------- ----- 181 
0 
305 
B-1 Maturation Period [Faecal Coliform Counts (CFU/100 MI) 
(Continued)] 
E FGH 
I Filtrate B 10 Filtrate BF Utrate C10 Filtrate C 
2 415 305 255 95 
3 103 0 145 F 
4 80 7 44 
5 1290 280 550 
.... 
23 
6 12 ............ 3 11 8 
7 31 29 40 35 
8 10 6 39 3 
9 21 0 
10 14 0 40 4 
11 2 00 0 
12 6 2 13 1 
13 0 00 0 
14 2 26 0- 
15 13 07 0 
16 ----- 0 ........ 00 0 
17 510 70 770 10 
is 44 78 0 
19 10 59 8 
20 59 14 315 0 
21 3 04 0 
- --------------- 22 52 ........................ 1 241 ------- - 1 
23 -- 7 -------------- 1 17 0 
24 1 05 0 
25 103 ................. ............. 5 362 9 
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B-2 Maturation Period [Total Coliform Counts (CFU/100 ml)] 
A Bc D 
I Date Influent Filtrate A10 Filtrate A 
2 6/6/90 735 355 55 
3 
4 
11/6/90 
15/6/90 
4380 21 
160 117 
6 
45 
5 
6 
18/6/90 
20/6/90 
----- 
3335 153 
............... 995 0 
--------------- 
7 
0 
7 27/6/90 1675 90 37 
8 5/7/90 2310 74 15 
9 
10 
6/7/90 
10/7/90 
4015 49 
5245 309 
21 
39 
11 
12 
12/7/90 
17/7/90 
3220 17 
8455 17 
23 
1ý 
13 1 9/7/90 ------------- 6090 52 ----- 27 
14 
15 
24/7/90_ 
27/7/90 
1410 31 
7180 38 
9 
0 
16 31/7/90 10 1 1 
- 17 
18 
19 
-------------------- 3/8/90 
6/8/90 
8/8/90 
-------- -------- 187400 820 
30900 147 
1000 20 
------ --- 38 
4 
6 
20 
21 
22 
10/8/90 
13/8/90 
15/8/90 
24250 309 
725 15 
11150 398 
11 
7 
17 
23 17/8/90 650 64 8 
24 20/8/90 1155 10 3 
25 22/8/90 39900 861 19 
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B-2 Maturation Period 
(Continued)] 
[Total Coliform Counts (CPU/100 mi) 
E F G H 
1 Filtrate B 10 Filtrate B Filtrate C10 Filtrate C 
2 490 410 690 240 
3 166 0 155 1 
4 71 22 50 21 
5 1540 281 680 
6 6 7 12 5 
7 51 41 98 43 
8 29 26 195 
. .................... _50 9 64 62 
10 -------- 135 ------------------- ........ 19 ---- ------- 269 12 
11 26 6 75 30 
12 64 0 88 2 
13 21 2 17 8 
14 32 12 13 7 
15 52 0 2 0 
. ............ ---- --- 
20 
16 2 1 - . ... 1 0 
17 10440 680 4480 48 
__ 18 323 ý2ýý 44 0 
19 27 7 287 1 
20 255 25 974 16 
21 37 0 41 3 
22 219 7 715 7 
23 32 - ------------------ 3 207 
-- ------------- 
18 
24 _ 41 3 84 
- 
2 
25 453 10 ........ 11 Rý 2,37 
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B-3 Maturation Period [Suspended Solid Measurements (mg/1)] 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A 
2 6/6/90 14.4 2 0 
3 11/6/90 6.2 
4 15/6/90 8.8 
5 18/6/90 13.5 3.8 2.8 
6 20/6/90 0.9 0 0 
7 27/6/90 10.6 
8 5/7/90 5.9 2 --- -------- 1.9 
9 6/7/90 7.3 0.4 0 
10 10/7/90 12.5 0.3 0.5 
11 12/7/90 70 0 
12 17/7/90 5.9 
13 19/7/90 15.1 0.2 0.1 
14 24/7/90 3.5 0.7 0.2 
15 27/7/90 3.6 0.7 0 
16 ----------------- 31/7/90 1.2 0 0 
17 3/8/90 15.1 0 0 
is 6/8/90 5.3 1.9 2.1 
19 8/8/90 2.9 0 ------------------- ---- I ................ 0 
20 10/8/90 2.5 0.2 0.4 
21 13/8/90 10 0.2 
22 1 5/8/90 5.2 1.9 2.1 
23 17/8/90 3.2 0 0 
24 20/8/90 2.8 0.1 0.4 
25ý -22/8/90 2.4 0.3 0.5 
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B-3 Maturation Period [Suspended 
(Continued)] 
Solid Measurements (mg/1) 
E F G H F q 
FUtrate B10 FUtrate B PUtrate C10 FUtrate C 
2 0 0 0 0 3 0 0.2 
----- --- ..... 
0 
. 
0.4 
4 1.1 - 2.5 2.1 1.1 
5 3 3.4 2.7 2.2 
6 0 0 
--- 
0 
--------------- 
0 
7 0.2 0 0 0 
8 1 1.4 1.2 1.6 
9 0.4 0.4 
10 0.8 0.1 0.1 0.5 
I1 0 0 0 0 
12 0.9 0.8 1 1. 
13 o. 5 0.3 0.6 0.2 
14 0.6 0.3 0.5 o. 5 
15 0.2 0.2 0.1 0 
16 0 0 
17 0.2 o. 5 1.1 1 
_ 18 2 2.5 1.6 2 
19 0.9 o. 5 0 0 
20 0.9 0.3 0 0 
21 o. 5 0.3 0.2 0.3 
22 0.8 1.2 0.4 
0.2 
23 0.2 0.2 0 
0 
24 0 o. 3 0 
0 
25 0 0 0.1 
0.4 
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B-4 Maturation Period [Turbidity Measurements (NTU)j 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A 
2 6/6/90 2 0.4 0.27 
3 11/6/90 
- - - 
5 
-- 4 15/6/90 -------- ---- - - 5.4 
5 18/6/90 ---- 6.3 0.86 --- ---------------- 0.7 
6 20/6/90 2 0.87 0.87 
7 27/6/90 12 
8 5/7/90 2.7 0.55 0.46 
9 6/7/90 4.7 0.75 0.75 
10 10/7/90 10 0.65 ................ 0.63 
11 12/7/90 5.2 0.5 0.55 
12 17/7/90 5.5 0.69 0.54 
13 19/7/90 10 0.7 0.35 
14 24/7/90 2.7 0.6 0.55 
15 27/7/90 3.4 0.63 0.51 
16 31/7/90 1.8 0.55 0.44 
17 3/8/90 9.5 0.58 0.52 
18 6/8/90 2.1 0.52 0.52 
19 8/8/90 2.2 0.42 ------------------------ 0.34 
20 10/8/90 ------------- 3 0.6 0.54 
21 13/8/90 1.4 0.35 0.45 
22 15/8/90 3 0.53 0.41 
23 17/8/90 2.6 0.35 0.37 
24 20/8/90 ------------------ 2.2 0.42 0.38 
25__ 
L_22/8/90... 
2.8 6.38 ----------- 0.38 
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B-4 Maturation Period [Turbidity Measurements (NTU) (Continued)] 
E FG H 
1 Filtrate B 10 Filtrate B Filtrate CIO Filtrate C 
2 0.1 0.05 0.7 _ 0.53 
3 0.92 0.54 0.89 0.75 
4 1.2 0.95 1.5 0.85 
5 1.5 0.77 0.95 0.65 
6 0.75 0.73 0.75 0.7 
7 
-- 
J. 8 
------- 
1.2 1.6 1.6 
8 - ------- 0.45 ---------------- 0.65 1.3 0.71 
9 0.75 0.77 
10 0.68 0.44 0.7 0.58 
11 0.55 0.4 o. 5 ýv --------------- 0.52 
12 0.8 0.73 
. 13 .................... 0.6 0.35 0.57 0.36 
14 0.64 0.45 0.58 0.51 
15 0.48 0.46 0.46 0.35 
16 0. Q r, %. j%j 0.39 
17 0.9 0.64 0.85 0.37 
18 0.7 o. 51 0.75 0.45 
19 0.37 -------------------- 0.45 0.48 0.48 
20 0.7 0.53 0.79 ------------- ---------- 0.44 
21 0.42 0.38 0.48 0.47 
22 0.42 0.38 0.52 0.45 
---------------- -- 23 0.53 0.5 0.45 0.39 
24 0.4 0.38 0.5 0.39 
25 0.55 1- ------------- 0.4 0.6 0.45 
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B-5 25 OC Period [Faecal Coliform Counts (CFU/ 100 ml)] 
A B c D 
1 Date Influent Filtrate A10 Filtrate A20 
2 24/8/90 855 8 10 
3 27/8/90 880 7 
4 29/8/90 50 1 
5 7/9/90 4355 1080 960 
6 11/9/90 7420 5 
7 12/9/90 1780 9 
8 14/9/90 3670 
9 17/9/90 100 1 
10 19/9/90 530 3 
11 21/9/90 585 3 
12 24/9/90 85 
- 13 --------------------- 26/9/90 665 ----------------- 39 ----- 
14 28/9/90 50 2 
15 3/10/90 1070 0 0 
16 5/10/90 2565 
17 8/10/90 4030 0 
18 10/10/90 335 13 3 
19 12/10/90 1375 3 
20 15/10/90 90 0 
21 19/10/90 70 1 
22 22/10/90 365 3 
23 24/10/90 30 
- 
0 
24 --------- 26/10/90 ------------------ MA 0 0 
25 29/10/90 -------- ------------- 
26 31/10/90 1895 63 
27 2/11/90 845 2 
28 5/11/90 40 0 0 
29 7/11/90 300 16 
30 9/11/90 150 0 
31 12/11/90 ýo 
32 14/11/90 4785 438- 
33 16/11/90 1035 30 
34 20/11/90 2725 191 188 
35 21/11/90 545 29 
36 23/11/90 940 
37 26/11/90 280 78 
.... . 
69 
38 28/11/90 -------- 820 . . ---- --------- 43 
39 30/11/90 395 
40 3/12/90 170 4 4 
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B-5 25 'C Period [Faecal Colliform Counts (CFU/ 100 ml) (Continued)] 
E F G H 
1 Filtrate A40 Filtrate A60 Filtrate A Filtrate B 10 
2 
0 
2 
3 17 
4 0 0 0 
5 --- ------------- ------------ -- --------------- --------- 172 - 1100 
6 2 3 125 
7 ---- 3 2 ----------------- ------- 18 
8 17 
9 0 0 1 
10 J 
- - -2 
2 10 
11 - ------------ -- -------- - - 1 3 
12 0 
13 . ........ 13 3 71 
----- 14 -- 0 -------------- ---- 0 -- - 2 
15 0 0 
16 7 
-- -- 17 1 0 -------------- 5 -- - 
is 0 5 
19 ........................ 0 0 
20 0 0 0 
21 0 0 
22 0 0 2 
23 0 0 0 
24 0 0 
25 
26 - -- ------ 47 
27 0 0 1 
28 0 1 
29 5 -------------- 6 31 
30 0 0 0 
31 1 
32 279 ------- 160 727 
ý 33 - ----------- ----------- 20 10 20 
34 --------------- - 113 205 
35 20 3 67 
36 44 
37 - ------------------- -------- 7 33 
38 14 0 52 
39 15 
L 40 1 
0. 10 1 
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B-5 25 'C Period [Faecal Coliform Counts (CPU/ 100 mi) (Continued)] 
I i K L 
]Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
2 4 0 
_ 3 3 0 
- -- 4 -------------------- .............. 0 ... ......... . ... 0 
- 5 1040 366 
6 1 2 
7 4 1 
8 19 ------------ - ---------- ------- ------- 0 
9 0 1 
10 2 0 
11 3 1 
12 0 0 
13 ------------------------ 19 8 
14 --------- ---------- 0 1 
15- 0 0 
16 7 3 
17 1 1 
18 5 0 
19 2 1 
20 1 0 
21 1 0 
22 ............ 0 ---------- 0 
23 0 0 
24 0 0 
25 
26 16 13 
27 0 1 
28 0 .......... 0 
29 16 1 
30 0 0 
31 0 1 
32 423 229 
33 10 10 
34 11 2 14 
35 _ ý 15 5 
36 9 5 
37 14 3 
38 11 3 
39 2 1 
40 6 1 
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B-5 25*C Period [Faecal Coliform Counts (CFU/100 mi) (Continued)] 
m N 0 p 
I FUtrate C10 FUtrate C20 FUtrate C40 FUtrate C60 
2 8 5 
3 66 4 ------------- 
4 0 
5 - 1440 ---------------- 1650 - ---------------- 
6 80 7 
7 19 4 
8 --- - 28 -------- ------- 10 
9 1 
. 10 ............. 8 0 
11 19 8 
12 3 0 
13 1 
14 2 0 
15 0 0 
16 27 10 
17 16 3 
18 6 3 
------------------ 19 37 ............. 4 
20 0 0 
21 0 1 
22 5 0 
23- 1 0 
24 0 0 
.......... 25 
26 71 10 
_ 27 6 0 
28 3 
29 0 0 
30 7 1 
31 7 3 
32 1055 714 
33 90 10 
34 384 161 
35 93 21 
36 76 
37 32 19 
38 598 23 
39 40 
------------ - -------- 
4 
40 9 6 1 
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B-5 25*C Period [Faecal Coliform Counts (CFU/loo ml) (Continued)] 
1 FUtrate C 
2 1 
3 1 
4 0 
5 393 
6 4 
7 ------------ 1 
8 0 
9 1 
- 10 ---------------- 0 
11 0 
12 0 
- 13 ---------------- 0 
14 0 
15 0 
16 6 
17 0 
18 0 
19 2 
20 0 
21 0 
22 0 
- 23 ------ ------- 0 
24 0 
25 
26 1 
27 0 
28 0 
29 ----------------- 0 
30 1 
31 0 
32 210 
33 10 
34 ---------------- 8 
35 3 
36 2 
37 1 
38 
39 
40 
3 
0 
0 
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B-5 25 "C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
A Bc D 
41 Date Influent_ 
_ 
Filtrate A10 - Filtrate A20 
42 5/12/90 ____ 1375 
43 7/12/90 3115 399 
44 12/12/90 70 4 6 
45 18/12/90 ---- ------ 845 83 
46 21/12/90 150 1 
47 26/12/90 .............. ................ 160 44 25 
48 11/1/91 1245 113 
49 23/1/91 460 
50 25/1/91 --------------- - 195 
51 30/1/91 --- 515 271 -------------------- ------ -- 
52 1/2/91 3970 985 
53 4/2/91 595 30 13 
54 6/2/91 545 10 --------- 
55 8/2/91 530 60 
56 11/2/91 195 10 2 
57 
, 
15/2/91 800 260 ------ 
58 18/2/91 230 80 
59 - ------------- 2-0/2/91 405 190 58 
60 22/2/91 330 10 
61 25/2/91 600 370 
62 27/2/91 1480 300 80 
63 1/3/91 1515 130 
64 8/3/91 2685 1490 
65 11/3/91 2875 220 ------ ------------ 35 
66 13/3/91 475 30 
67 15/3/91 545 
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B-5 25 "C Period [Faecal Coliform Counts (CPU/ 100 ml) (Continued)] 
E FG H 
41 Filtrate A40 Filtrate A60 Filtrate A Filtrate B 10 
42 60 
43 150 82 23 
44 4 10 
45 28 4 
46 1 52 
47 3 96 
48 29 2 227 
49 74 
50 83 
51 ------ ---- -- ---- 19 ------------ ---------- 3 ------------- 168 
52 60 5 300 
53 --------------- ---------- 1 ------ 180 
54 0 0 
55 00 210 
56 0 30 
57 45 13 180 
58 23 5 60 
59 7 120 
60 2 0 20 
61 29 15 150 
62 5 100 
63 6 1 100 
64 293 169 1060 
---------- 65 ------------ 8 1420 
66 12 2 320 
67 
I 3 mo- 
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B-5 25 'C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
41 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
42 
N 
--------------- 16 0 
43 1 
AA 44 8 
----- --- ------ 
3 
45 
46 4 0 
47 30 2 
48 ---- ------------- ---------------- 59 39 
49 39 35 
50 5.3 
-- -- 
46 
------------ 51 97 73 
52 51 35 
53 85 21 
- 54 - ----------------- ------- -------- 
1 55 32 34 
_ 56 8 4 
57 16 6 
58 14 7 
27 2 
60 5 2 
61 4 3 
- 62 15 2 
63 3 1 
64 261 150 
65 530 94 
66 -- - ----- ----- 47 13 
67 9 1 
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B-5 25 OC Period [Faecal Coliform Counts (CFU/100 mi) (Continued)] 
m N 0 p 
41 Filtrate C10 Filtrate C20 Filtrate C40 Filtrate C60 
42 79 9 
43 141 4 
44 3 2 
45 18 ---------------- 0 -- 
46 39 2 
47 146 63 
48 444 77 
49 97 2 
50 67 20 
51 -- 170 -------------------- ------------ 12 ----- ----- 
52 580 2 
53 170 28 
- 54 ------------------ 50 ------------ ----------- 3 
55 20 0 
56 10 2 
- 57 ------------------- 130 ----------------- 7 ----- 
58 180 12 
59 220 28 
60 50 4 
61 150 3 
62 740 160 
63 170 7 
64 1430 171 
65 470 ........... 84 .......... 
66 13 28 
67 70 5 
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B-5 25*C Period [Faecal Coliform Counts (CFU/loo ml) (Continued)] 
9 
41 FUtrate C 
42 1 
43 0 
44 0 
45 0 
46 0 
47 2 
48 33 
49 0 
50 1 
51 0 
52 1 
53 0 
54 2 
55 0 
56 0 
57 0 
58 3 
59 3 
60 0 
61 1 
62 4 
63 1 
64 52 
65 7 
66 3 
6fl 1 
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B-6 25 'C Period [Total Coliform Counts (CPU/ 100 ml)] 
A B cD 
1 Date Influent Filtrate A10 Filtrate A20 
2 24/8/90 14100 70 68 
3 27/8/90 2495 57 
- 4 -------------------- 29/8/90 ------ 480 8 
5 7/9/90 16500 2270 1910 
6 11/9/90 27000 27 
- 7 12/9/90 -------------------- 2750 35 
8 -------- 14/9/90 --------------- ----- 23300 ---- 
9 17/9/90 2000 21 
10 ..... 19/9/90 ........... 2500 ..................... . 7 
11 21/9/90 2200 41 
12 2 4/9/90 700 
13 26/9/90 2600 72 
14 28/9/90 1330 1 
15 3/10/90 10355 172 93 
16 5/10/90 17000 
17 8/10/90 --- 40500 -------------------- 24 
18 10/10/90 19700 121 33 
19 1 2/10/90 14500 4 
20 15/10/90 2390 4 
21 19/10/90 1930 82 
22 22/10/90 2930 11 
23 24/10/90 ------------- 770 --------------- - 1 ---------- 
24 26/10/90 235 10 
25 29/10/90 
26 31/10/90 6180 126 
27 2/11/90 4025 7 
28 5/11/90 270 10 
29 7/11/90 1935 ------------ 11 
30 9/11/90 1615 0 
31 - 12/11/90 6ý0 ------------ 
32 14/11/90 ------ ---------------- 11890 648 
33 16/11/90 3600 90 
34 20/11/90 8305 R4 ------------------- 301 
35 21/11/90 - ----- 4735 ------------- 104 
36 23/11/90 2255 
37 26/11/90 1795 152 119 
38 28/11/90 5405 165 
39 30/11/90 3315 
40 3/12/90 2020 33 8 
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B-6 25 "C Period [Total Coliform Counts (CPU/ 100 ml) (Continued)] 
E F GH 
1 Filtrate A40 Filtrate A60 Filtrate A Filtrate BIO 
2 9 90 
3 14 0 34 
4 2 I I 
5 ------------- ---------- 277 2270 
6 21 9 298 
7 13 'cl ---------- ----- 77 69 
8 90 
9 9 6 24 
10 2 0 
11 09 
12 3 
13 38 6 147 
14 -------- 1 --------- 07 
15 25 33 
16 35 
17 6 7 42 
18 5 75 
19 4 39 
20 - ---- ----------- 0 04 
21 04 
22 2 12 
23 - ------------------- 0 01 ----------------- ----- 
24 00 
25 
26 31 ------- ---------------- 9 141 
27 3 13 
28 
L 
12 
--- ------------ - --------------------------- -1 - 29 16 -- ----- 9 31_ 
30 0 08 
31 
32 415 242 789 
33 90 90 80 
34 27 344 
35 60 11 199 
36 120 
37 17 63 
38 39 10 186 
39 89 
-- ý L-74- 01 ------------------- ........... ...... 5ýj 3 6 
-- 
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B-6 25 "C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
1 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
2 42 8 
3 9 
4 0 o 
5 2690 --------------------- ý 514 
6 47 11 
7 14 9 
8 71 11 
9 6 2 
10 2 1 
11 6 2 
12 3 0 
13 49 
----- - 
19 
------ ---- ------------ 14 ----------- ---------- 4 1 
15 15 0 
16 22 11 
17 - -------------------- 14 14 
18 75 10 
19- 9 9 
20 - 1 4 
21 3 0 
22- .............. 0 0 
23 0 0 
24 0 0 
25 
26 38 ------------ - -- --- 19 
27 2 0 
28 2 1 
29- 33 9 
30 5 1 
31 7 4 
32 557 389 
33 60 60 
34 233 58 
35 60 13 
36 21 19 
37 38 13 
38 58 11 
39 30 23 
40 13 
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B-6 25 'C Period [Total COlifOrm Counts (CFU/100 ml) (Continued)] 
m N0 p 
1 FUtrate C10 PUtrate C20 Fiftrate C40 FUtrate C60 
2 40 72 
3 129 13 
4 15 
--------- 
0 
5 2900 ------- ---------- ----- ---------------------- 3290 
6 199 39 
7 126 10 
8 119 56 
9 33 12 
10 -------------------- 16 ------------ ---- 1 
11 27 11 
12 27 7 
13 11 1 
14 3 0 
15 183 138 
16 118 64 
17 141 23 
_ 18 93 27 
19 233 8 
20 88 6 
21 29 9 
22 533 4 
23 4 ----------------- ---- 1 
24 6 0 
25 
26 189 25 
27 42 4 
28 3 0 
29 1 2 
30 27 6 
31 ................ 36 40 
32 970 754 
33 400 50 
34 475 311 
--- 35 ---------- 375 ------------ ---------- 72 
36 221 40 
37 88 56 
38 259 82 
39 155 34 
40 55 31 
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B-6 25 "C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
9 
1 FUtrate C 
2 13 
3 4 
4 0 
5 261 
6 8 
7 7 
8 6 
9 2 
10 0 
- 11 ----- - -------- 2 
12 0 
13 0 
14 0 
15 25 
16 --------------- 13 
17 ----------- 6 
18 3 
- 19 -------------- 13 
20 6 
21 1 
22 3 
23 1 
24 0 
25 
26 4 
27 0 
28 0 
- 29 ------- ------- ------------ 0 
30 0 
31 2 
32 370 
33 
- 34 
30 
---------------- 24 
35 
36 
11 
5 
37 7 
-- -------- 38 
39 
40 
- - 6 
4 
0 
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B-6 25 OC Period [Total Coliform Counts (CFU/loo ml) (Continued)] 
A Bc D 
41 Date Filtrate A10 Influent 
------------ 
Filtrate A20 
42 5/12/90 ------- 3775 
43 7/12/90 7315 621 
44 12/12/90 
_235 
10 6 
45 18/12/90 5400 189 ----- 
46 21/12/90 15600 87 
47 
- 
26/12/90 
- 
................ 2750 79 53 
48 11/1/91 8015 172 
49 23/1/91 1705 
50 25/1/91 695 -------- 
51 30/1/91 1455 376 
52 1/2/91 8470 3180 
53 4/2/91 2070 100 30 
54 6/2/91 1610 40 
55 8/2/91 2755 110 
56 11/2/91 
- 
1190 80 45 
57 ------------- 1--5/2/91 1415 540 
58 18/2/91 870 170 
59 ------------- 2'0/2/91 1525 400 138 ------------ 
60 22/2/91 485 20 
61 25/2/91 2045 820 
62 27/2/91 4645 920 -------- 160 
63 - --------------- 1/3/91 3475 416 ------------------- - 
64 8/3/91 6400 2790 
65 11/3/91 ----- 7585 890 ------------ ---------- 133 ........... 
66 13/3/91 --- 935 50 
67 15/3/91 2020 
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B-6 25 OC Period [Total Coliform Counts (CIFU/100 ml) (Continued)] 
E G H 
41 Filtrate A40 Filtrate A60 Filtrate A Filtrate B10 
42 1 1 ý-ý-ý- 105 
43 217 
................ 
127 74 
44 7 3 
45 95 18 
46 3 3 205 
47 7 199 
48 79 28 
___. 
396 
49 140 
50 153 
51 40 17 240 
52 104 29 660 
53 0 230 
------------------- 54 -------- 2 ---- 0 
55 8 1 750 
56 ------------------ - .............. 9 330 
57 80 31 330 
58ý 43 5 200 
59 18 340 
60 9 ---- -------- ------ - 3 140 
61 67 28 250 
62 ..... ............................. - ---- 26 300 
63 37 --------- 9 230 
64 380 
ý-322 2140 
65 ............ 0 
--------- 
24 2520 
66 35 4- 730 
67 330 
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B-6 25 *C Period [Total Coliform Counts (CIFU/100 MI) (Continued)] 
I iI K L 
41 Filtrate B20 Filtrate B40 
-- 
Filtrate B60 
------------ 
Filtrate B 
42 - --- 
-- ---------- 
37 ------- 3 
_ 43 4 4 
44 1 
45 
46 ill 18 
47 104 
----- ýww~~w - -------------- - 
8 
-- 48 ............... ------- 152 91 
__ 49 _ _ 87 88 
50 121 64 
51 - --------------- ---------- 127 - 93 
52 132 
............... 
81 
53 26 
54 
55 137 113 
56 87 32 
57 33 17 
58 31 15 
59 66 11 
60 1- ------ ---------- 8 5 
61 7 3 
62 33 3 
63 7 
64 346 242 ------------ - 65 656 ------------------- ............. 183 
i& 
66 119 555 
67 ', 37 6 26 
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B-6 25 OC Period [Total Coliform Counts (CFU/joo ml) (Continued)] 
m N 0 p 
41 Fiftrate C10 Filtmte C20 FUtrate C40 FUtrate C60 
42 158 ------------ 17 
43 209 15 
44 235 262 
45 444 18 
46 702 13 
47 247 131 
48 574 234 
49 198 7 
50 165 59 
51 251 ---- 18 -------------- 
52 950 12 
53 280 48 
54 90 10 
55 260 2 
56 150 53 
57 --- 180 ------------- --- -- 21 
58 510 18 
59 610 71 
60 170 4 
61 400 
---------- 
3 
----- . ......................... 62 1800 253 -------- 
63 770 30 
64 2870 
.................. 
269 
. 65 1350 197 
66 530 80 
67 360 3 40 
33 1 
B-6 25 "C Period [Total Coliform Counts (CFU/100 MI) (Continued)] 
9 
41 Filtrate C 
42 1 
43 4 
44 0 
- 45 
46 
- ----------- 1 
1 
47 15 
- 48 --------------- --- ----- --- 95 
49 2 
50 6 
51 2 
52 6 
53 1 
54 5 
55 0 
56 12 
57 6 
58 8 
59 2 
60 0 
61 1 
62 21 
63 3 
64 117 
65 20 
66 19 
67 10 
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B-7 25 "C Period [Suspended Solid Measurements (mg/1)] 
A B c D 
1 Date Influent Filtrate A10 Filtrate A 
2 24/8/90 2.6 1.4 1.3 
3 27/8/90 3.8 
. 
1 1 
4 29/8/90 1 ......................... 0 0 
5_ 7/9/90 5.6 0.7 0.4 
6 11/9/90 4 0 0 
7 12/9/90 ----------- 3.1 -- 0.6 ------- 0.3 
8 14/9/90 10.5 
9 17/9/90 15.1 1.7 1.7 
10 19/9/90 6.2 0.6 0.9 
11 21/9/90 9.7 1.4 1.5 
12 24/9/90 5.9 
13 2 6/9/90 9.2 0.4 1.2 
14 28/9/90 5.7 0.7 0.6 
15 3/10/90 23.6 0.8 0.2 
16 5/10/90 17.5 
17 8/10/90 12 o. 5 0.3 
18 10/10/90 8.4 0.6 0.8 
19 12/10/90 7 0.8 0.1 
20 15/10/90 9.9 0 0 
21 19/10/90 6.3 1.1 o. 5 
22 22/10/90 --------- 11.3 -------------- --------------- 1 0.6 
23 24/10/90 16.2 2.1 0.7 
24 26/10/90 16.8 0.7 0 
25 29/10/90 791.6 
26 31/10/90 ----------- 31.8 0.2 ------------- 0.3 
27 2/11/90 21.8 0.9 0.8 
28 5/11/90 13.3 0.6 
29 7/11/90 7.6 0.2 0 
30 9/11/90 17.2 
........... ............... 
0 
........ 
0 
31 12/11/90 ............ 3.8 
32 14/11/90 7.3 0.7 0.7 
33 16/11/90 4.5 1.2 o. 5 
34 20/11/90 ------------- 15.2 -- -------- 0.1 0 
35 21/11/90 19.1 0.3 0.3 
36 23/11/90 7.3 
37 26/11/90 12.5 1.4 0.8 
38 28/11/90'--- 5.6 0.1 0 
39 30/11/90 2.1 
40 3/12/90 13 0.9 0.2 
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B-7 25 OC. Period [Suspended Solid Measurements (mg/1) (Continued)] 
E F G H 
1 Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
2 1.5 
A 
1.4 0.8 1 
3 1.2 1 0.6 0.4 
4 0 0 0 0 
5 0.5 0.7 0.5 ------------ 0 
6 0 0 0.2 0 
7 0.8 0.5 0.7 :: 0. ý4 
8 --------------------- 1.1 -------- --------- 1.4 -- ----------- 1.3 0.6 
9 0.9 0.8 1.3 0 
10 0.7 0.9 o. 5 0.5 
11 1.4 1.4 1.3 1.2 
12 1.1 1 1.1 0.5 
13 0.6 0.7 0.7 0.4 
14 0.9 0.4 0.6 1 
15 0.8 0.2 0.4 0 
16 0 0 0.1 0.7 
17 ----- 0.7 ------- ------------------ 0 -------------- - -- -------------- 0.9 --- 0.7 
18 0.8 0.7 0.7 0.6 
19 - ------------ 0.5 0.4 0.5 0.4 
20 0 0 0 0 
21 0.3 0.3 0.4 0.4 
22 0.4 0 0 ........................ 0.5 
23 1.5 1 1.6 0.4 
24 0 0.4 0.3 0.1 
25 ............. 
26 0.3 0 ---------- 0.4 
---- 
0.1 
27 0 0.3 0.2 0 
28 0.3 0.4 .......... 0.3 0 
29 - -------------------- o. 5 0.4 --- - 0.2 0.1 
30 0 0 0.2 0.1 
31 1 0.2 
...... o... 5 ------- 6 0.6 
32 ------------------- 1.2 0.8 - ----- --- - ----- 1.2 0.5 
33 0.5 0.7 0.6 0 
EI 
34 0 0 0 O 
_ 35 0.2 0 0 0.1 
_ 36 0.8 0.3 0.8 0.7 
37 - ------------------- -08 ------------ 0.8 0.8 0.8 
38 0.3 ------ 0.3 0.9 0.3 
39 0 0 0 0 
40 0.9 0.6 1.2 0.4 
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B-7 25 "C Period [Suspended Solid Measurements (mg/1) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A 
42 5/12/90 4.4 
43 7/12/90 7.2 0.4 
44 12/12/90 6 2.4 .................. 1.2 
45 18/12/90 12.7 0.4 0.1- 
46 21/12/90 ........... 10.8 1.5 ..................... 1.1 
47 26/12/90 1.9 0 0 
48 11/1/91 13.1 0 0 
49 23/1/91 3 
50 - ------------- 2-5/1/91 1.5 
51_ 30/1/91 3.1 1 1.2 
52 1/2/91 2.2 0.7 0.7 
- 53 4/2/91 --------------- 2.1 0.7 0.4 
54 6/2/91 4 0.9 0.1 
55 8/2/91 4.7 0.1 0 
56 11/2/91 5 2.1 1.8 
57 15/2/91 2 1.5 1.1 
58 18/2/91 4.8 0.9 0.6 
59 20/2/91 3.3 0.8 0 
60 22/2/91 4.5 0.8 0 
61 25/2/91 6.1 1.5 1.2 
62 ------------- , 27/2/91 5.8 1.6 1.1 
--- ------- 63 1/3/91 ----- 6.7 1.2 0.6 
64 8/3/91 3.5 0.9 0.3 
65 -------------- 11/3/91 --------- ------------ -------------- 4.2 1.5 0.9 
66 13/3/91 
- 
3.5 0 0 
67 t-15/3/91 ---------- 3.9 
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B-7 25 OC Period [Suspended Solid Measurements (mg/1) (Continued)] 
E F IG H 
41 
Fi q 
Filtrate B 10 Filtrate B Filtrate C10 Filtrate C 
A2 42 0.2 -------- 0 ------------- 0.3 0 
43 0.7 0.2 0.7 0.3 
44 1.9 1.4 
-1 --- 45 ----- 0.7 0.3 
46 1.5 0.6 1.9 0.6 
47 0 0 3.4 
---- 
0 
---- 48 0.2 -------------------- ----- 0 -- ------- -------- - --- 4.6 0 
49 0.3 0.4 0.7 0.1 
50 . 0.6 ................... - 0.4 1.3 
------- 
0 
51 1.1 ---------------------- 1.3 2 0.6 
52 0.7 0.2 2 0.5 
53 0.8 0.3 6.1 0.6 
54 1.8 0.7 
55 0.7 0 0.6 0.2 
56 1.4 1.6 2.1 
-- -- ------- 
1.7 
57 2.2 -- - ------------- -- - -- 1.3 ---- 3.6 0.9 
58 1.1 0.5 1.2 0.5 
59 0.8 0.4 1.2 0 
60 2.2 0 0.8 0.2 0* 
61 1.2 1.5 1 0 
62 1 --. - 1.9 1.3 1.6 .6 
63 0.7 0.9 1 1 
64 0.9 0.3 1.4 0.3 
65 .......... 1.3 1.3 1.1 0.8 
66 0 0 0 0 
67 ýt8 ::::::: - 
=. 
2 
J. 
- 
0.9 0.4 
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B-8 25 OC Period [Turbidity Measurements (NTU)j 
A B c D 
1 Date Influent Filtrate A10 Filtrate A 
2 24/8/90 1.2 0.5 0.34 
3 27 /8/90 2.2 0.36 0.39 
4 29/8/90 1.2 0.56 0.45 
5 7/9/90 75 1 0.53 
6 11/9/90 5.7 0.38 0.39 
7 12/9/90 2.5 0.45 0.4 
8 14/9/90 8.2 
9 ........ 17/9/90 9.4 ------------ 0.37 0.37 
10 
- 
19/9/90 
---------------- 
5 0.48 0.5 
11 21/9/90 6.5 0.45 0.5 ---------- 
12 24/9/90 4.5 _ 
13 _ 26/9/90 8 -- 0.5 0.4 
14 28/9/90 4 0.38 ý__ 0.4 
15 3/10/90 
' 
20 0.42 0.45 
16 5/ 10/90 1 --------- ------ 
17 8/10/90 10 0.82 0.72 
18 10/10/90 8.6 1.2 1.1 
19 12/10/90 7.2 0.3 0.25 
20 15/10/90 9.8 0.3 0.3 
21 _ 19/10/90 5 0.3 0.35 
22 22/10/90 - --------------------- 10 0.27 0.3 
23 24/10/90 15 0.35 0.32 
24 26/10/90 7 0.3 0.4 
25 _ 29/10/90 -. 750 - --------- _ 
26 31/10/90 37 0.55 0.32 
27 2/11/90 36 0.47 0.25 
28 5/11/90 22 0.18 0.22 
29 7/11/90 35 0.2 0.24 
30 9/11/90 33 0.8 o. 8 
.. 31 12/11/90 4.8 .. .... 
32 14/11/90 17 0.48 0.4 
33 16/11/90 5.7 0.4 0.5 
34 20/11/90 18 0.24 0.24 
35 21/11/90 ------- -------------- 23 0.31 0.3 
36 23/11/90 8 
37 26/11/90 13 1 --- - ------------ 0.42 0.38 
38 28/11/90---- 5.7 0.32 0.16 
39 30/11/90 3 
40 3/12/90 10 . ..... 0.27 0.19 
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B-8 25 "C Period [Turbidity Measurements (NTU) (Continued)] 
E F- G H 
1 FUtrate B10 _ FUtrate B FUtrate C10 FUtrate C 
2 0.38 0.38 0.44 0.45 
3 
.. 
0.65 
................... 
0.5 0.5 
........ ... ---------- 
0.45 
4 0.4 0.38 0.4 0.35 
5 0.8 0.64 1.9 0.62 
6 0.38 0.4 0.63 
--- 
0.35 
7 0.38 0.32 0.41 ----------------- 0.38 
8 0.42 0.33 0.39 0. 
9 0.42 0.4 0.4 0.4 
10 0.52 0.5 o. 51 0.5 
11 0.45 0.41 0.53 0.38 
12 o. 5 0.45 0.5 0.45 
13 0.56 0.45 0.45 ---------------- 0.45 
14 0.4 0.31 0.36 0.45 
15 0.35 0.4 0.56 0.4 
16 0.6 0.5 0.78 0.59 
17 1.1 -------- ---- --- 1 0.92 0.77 -------------------- 
is 0.86 0.88 0.61 0.95 
19 0.27 0.45 0.6 0.47 
20 0.34 0.35 0.45 0.4 
21 0.38 0.4 0.45 0.45 
22 0.28 0.4 0.4 0.3 
23 0. q r, 0.35 0.5 0.35 
24 0.45 0.45 0.45 0.35 
25 - -------------------- 
26 0.6 0.2 1.6 0.25 
27 0.3 0.26 0.82 0.3 
28 0.25 0.2 1.1 0.18 
29 0.34 0.2 0.65 0.2 
30 0.45 0.25 0.6 0.25 
31 0.3 ............... ------- 0.27 0.45 
w. . 
0.45 
32 -- 0.7 . -------------------- 0.21 1.7 0.45 
33 0.4 0.43 0.7 0.6 
34 0.38 ............. . ............ 0.38 
------------ 
0. 
-82 
0.2_3 
35 0.48 ------------ ------ 0.25 0.58 0.35 
36 0.45 0.3 0.7 0.24 
37 0.6 0.4 0.7 0.4 
38 0-- 35 0.25 0.55 
_:::: 
ýOý. 25 
39 o. 5 0.6 0.55 0.4 [-40 - ------------------- 0.37 0.19 0.42 0.2 
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B-8 25 OC Period [Turbidity Measurements (NTU) (Continued)] 
A B c D 
41 Date Influent Filtrate A10 Filtrate A 
42 5/12/90 4.5 
43 7/12/90 4.5 0.28 0.23 
44 12/12/90 2.5 0.22 0.3 
45 18/12/90 15 0.4 0.24 
46 21/12/90 
------- 
10 0.32 0.2 
47 26/12/90 3.8 . ..... 0.25 0.25 
48 11/1/91 20 0.39 0.19 
49 23/1/91 3 
50 25/1/91 
---------------- 
1.9 
51 30/1/91 2.5 0.5 0.4 
52 1/2/91 2 0.52 0.2 
53 4/2/91 1.7 0.33 0.18 
54 6/2/91 2.5 0.4 0.22 
55 8/2/91 3.5 0.5 0.22 
56 11/2/91 3 0.4 0.25 
57 15/2/91 1.3 0.45 0.25 
58 18/2/91 5 1 0.45 
59 20/2/91 3.2 0.57 ----------- ------------ 0.24 
60 22/2/91 115. 0.39 0.35 
61 25/2/91 5.4 1 0.26 
62 27/2/91 3.7 ................. 0.52 0.34 
63 1/3/91 6.2 0.6 0.28 
64 8/3/91 4.8 0.71 0.23 
65 - -------------- 11/3/91 3.2 0.42 0.28 
66 13/3/91 4.5 0.32 
----------------- - --- 
0.22 
L 
67- T 15/3/91 3.7 1 
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B-8 25 "C Period [Turbidity Measurements (NTU) (Continued)] 
E FG H 
41 Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
42 0.28 0.3 0.45 0.15 
43 0.29 0.38 0.55 0.3 
44 0.4 0.4 0.7 0.42 
45 0.7 0.36 
46 1.2 0.15 1.6 0.2 
47 0.95 ------------- --------- 0.15 4 0.2 
48 1.9 0.4 9.3 0.3 
49 0.58 0.39 1 0.3 
50 0.56 0.33 1.5 0.35 
_ 51 0.8 0.35 2 0.22 
52 0.45 0.25 1.8 0.28 
53 0.65 0.2 5 0.32 
54 0.85 0.32 
55 0.7 0.32 0.7 0.4 
56 0.7 0.17 1.1 0.26 
57 0.5 0.25 1.9 0.25 
58 1.7 0.65 1.5 0.35 
59 0.82 0.28 0.92 ------------------- 0.2 
60 0.7 0.27 1.2 0.28 
61 1 0.24 1 0.25 
62 0.87 0.25 0.9 0.22 
63 0.57 0.32 1 0.35 
64 0.7 0.27 1.7 0.21 
------------------ - 65 0.83 -------------------- 0.26 0.52 ........ 0.2 
66 0.58 0.19 0.6 0.16 
67 0.5 0.26 0.65 0.23 
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B-9 15 OC Period [Faecal Coliform Counts (CFU/ 100 mi)] 
A B c D 
1 Date Influent Filtrate A10 Filtrate A20 
2 2/4/91 1195 0 
3 4/4/91 255 0 
4 8/4/91 685 1 
5 10/4/91 455 0 0 
6 12/4/91 170 0 
7 24/4/91 825 54 
8 25/4/91 395 15 1 
9 26/4/91 450 6 
10 28/4/91 1240 10 
11 29/4/91 2125 9 0 
12 30/4/91 1280 8 
13 1/5/91 2950 ----- ------------------- ------------ 1049 -- 
14 3/5/91 290 76 76 
15 6/5/91 315 50 
16 8/5/91 1240 210 
17 9/5/91 250 10 8 
18 13/5/91 1840 36 
19 1 5/5/91 205 
20 17/5/91 1435 
21 20/5/91 2650 201 
22 22/5/91 2740 ------------- 116 --------- 
23 24/5/91 525 25 3 
24 27/5/91 12750 304 
25 5/6/91 ------------ ----------- 
26 7/6/91 2110 160 
27 11/6/91 620 20 1 
--- ----- 28 1 2/6/91 110 7 -- 
29 14/6/91 2620 63 
30 17/6/91 70 12 3 
31 19/6/91 180 9 
-------------- 32 ---------------- ----------- 21/6/91 ---------- 4555 110 
33 1/7/91 545 80 9 
34 3/7/91 300 20 
35 8/7/91 6620 130 
36 16/7/91 2620 310 10 
37 17/7/91 875 250 
- 38 -- ---------- 19/7/91 2070 ----- 990 
39 22/7/91 1475 50 6 
401 -------------- 2-4/7/91 1810 480 77ýý 
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B-9 15 "C Period [Faecal Coliform Counts (CIM/100 ml) (Continued)] 
E F G H 
1 FUtmte A40 FUtmte A60 FUtrate A FUtrate B10 
2 0 46 
3 0 0 17 
4 1 0 38 
5_ 0 9 
6 0 0 4 
7 0 0 24 
8 0 
--------- 
7 
9 0 0 ----------------- - 5 
10 ................ 0 0 19 
11 ------------- --- ---- 0 - ----------- 40 
12 0 0 59 
13 398 252 878 
14 -- --------------- ------------ - --------- 44 134 
15 30 29 69 
16 30 14 350 
17 1 40 
18 3 0 134 
19 -------------------- --------- -------------- --------- - .......... ....... 48 
20 113 
21 4 0 108 
22 ------------------- 1 0 113 
23 0 52 
24 3 0 674 
25 
26 4 2 650 
27 0 350 
28 2 0 90 
29 1 0 1220 
30 0 50 
31 2 40 
32 5 0 380 
33 1 50 
34 0 0 10 
35 0 0 960 
36 4 870 
37 6 4- 1 
38 ------- ------- ------ 39 24 1370 
39 0 370 
401 ........... ---------- --- 27 8 750 
3 42 
B-9 15 OC Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
1 Filtrate B20 Filtrate B4 0 Filtrate B60 Filtrate B 
2 8 - ------ 0 
3 0 0 
4 0 0 
5 ---------- 0 
6 0 0 
7 ----------------- 0 
- - 
0 
8 7 ------------------ - -------- -- -- ------ 
------------ 
0 
9 0 
10 2 0 
11 17 ----- --------------- 1 
12 4 0 
13 550 288 
14 98 96 
15 29 22 
16 23 12 
17 14 ---------------- --- ------- ---------------- 3 
18 11 1 
19 
1 
1 0 
20 35 0 
21 11 0 
22 8 1 
23 --- 22 -------------------- 0 
24 180 32 
--------------------- 25 
J 
26 196 115 
27 168 17 
28 26 .................. 14 
29 -------- -------- - 154 64 
30 31 5 
31 2 1 
32 9 3 
33 7 0 
34 1 0 
35 5 0 
36 186 6 
37 44 4 
38 193 65 
39 83 4 
401 .......... -------------- 33 7 
343 
B-9 15 'C Period [Faecal Coliform Counts (CPU/ 100 MI) (Continued)] 
m N0 p 
1 Filtrate C10 Filtrate C20 FUtrate C40 FUtrate C60 
2 23 --- 6 
3 19 4 
4 34 ---------- .............................. 0 
5 18 2 
6 7 1 
7 30 0 
8 16 3 
9 21 0 
10 36 1 
11 53 8 
12 57 --- 0 
13 -------------------- 820 337 
14 72 43 
15 64 35 
16 40 10 
17 10 3 ------------- 
18 169 7 
19 64 1 
20 184 25 
21 225 5 
22 151 ............ ----------- ........... 1 ----------- 
70 4 
24 740 65 
......................................... 25 
---------- -- 26 - -------------------- -------- 980 --------------- ------------ ---------- ------ 144 
27 130 164 
28 80 46 
- ------------ ------ - 29 ----- -------------------- 1200 ------------- -------- - 84 
30 60 60 
31 30 14 
32 710 8 
33 100 12 
34 40 ------------------- 0 
35 500 0 
36 590 117 
37 ........................ 370 17 
38 - ------------------- 1670 -------------- 207 
39 ......... 300 75 
40 1 ................... 290 .................. 33 
344 
B-9 15 "C Period [Faecal Coliform Counts (CFU/loo ml) (Continued)] 
9 
1 FUtrate 
2 0 
3 0 
4 0 
-- 5 ---------------- ---- 0 
6 0 
- 7 ---------------- ---------- 0 
8 0 
9 0 
10 0 
11 0 
12 0 
13 140 
14 38 
15 24 
16 7 -------------- 
17 0 
18 0 
19 0 
20 0 
21 0 
22 0 
23 0 
24 0 
25 --------------- 
26 61 
27 4 
28 2 
29 6 
30 3 
31 1 
32 
33 
------------ 0 
1 
34 0 
35 0 
36 2 
37 --------------- 4 
- 38 92 -------------------- o- - ------------ 
39 
40 
4 
0 
345 
B-9 15 'C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 - Filtrate A20 
42 26/7/91 ----------- ---------- - 5695 1760 
43 29 /7/91 690 90 11 
44 31/7/91 1145 220 
45 2/8/91 ---- ----------------- 2395 130 
46 5/8/91 870 30 
47 9/8/91 250 50 
48 6/9/91 120 230 
_ 49 9/9/91 50 30 23 
50 11/9/91 770 350 
51 13/9/91 1185 460 
52 16/9/91 850 60 
53 
1 
18/9/91 535 140 
54 20/9/91 1490 180 
55 23/9/91 715 180 44 
56 25/9/91 950 110 
5fl 27/9/91 745 go---- 
346 
B-9 15 'IC Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
E FG H 
41 Filtrate A40 Filtrate A60 Filtrate A Filtrate B10 
42 178 87 1850 
43 190 
44 8 300 
45 21 320 
46 0 260 
47 0 0 
-------- 
60 
48 MA - ------------ -------- 70 %JV 130 
49 14 20 
50 71 24 240 
51 58 13 300 
2 5 4--- 80 
_ 53 12 3 210 
54 _ ----- 12 10 320 
_ 55 1 180 
56 42 6 280 
57 10 6 190 
347 
B-9 15 *C Period [Faecal Collform Counts (CFU/100 MI) (Continued)] 
I i -T- K L 
41 FUtrate B20 FUtrate B40 FUtrate B60 Filtmte B 
42 147 53 
43 38 1 
44 3 0 
45 4 1 
46 18 1 
47 3 2 
48 33 14 
49 6 2 
50 9 2 
51 5 2 
52 17 5 
53 11 4 
54 7 6 
55 74 6 
56 34 7 
57 18 8 
348 
B-9 15 'C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
m N0 p 
41 FUtrate C10 FUtrate C20 FUtrate C40 Filtrate C60 
42 1460 17 5ý 
43 180 54 
44 200 8 
45 400 5 
46 160 29 
47 . 6 .................. 1 
48 50 5 
49 10 2 
50 40 9 
51 130 21 
52 30 18 
53 ------------------- 40 9 ------ 
54 130 16 
55 100 30 
56 260 86 
5 160 29 
349 
B-9 15 "C Period [Faecal Coliform Counts (CFU/100 MI) (Continued)] 
9 
41 Filtrate C 
42 25 
43 3 
44 
45 
2 
1 
46 0 
47 0 
48 2 
49 0 
50 2 
51 ------------ 1 
52 7 
53 2 
54 12 
55 6 
56 - ---------------- ------------- 9 
57 5 
350 
B-10 15 "C Period [Total Coliform Counts (CFU/100 ml)] 
A B c D 
1 Date Influent Filtrate A10 Filtrate A20 
2 2/4/91 3350 2 1 
3 4/4/91 765 1 
4 8/4/91 1835 3 
5 10/4/91 1715 1 0 
6 12/4/91 1435 2 
7 24/4/91 5810 95 -------------- 
8 25/4/91 1395 34 4 
9- 26/4/91 1160 18 
10 28/4/91 2845 10 
11 29/4/91 2170 9 0 
12 30/4/91 2045 10 
13 1/5/91 4685 ---------------- 1069 -------- -- ------ 
14 3/5/91 365 115 107 
15 6/5/91 785 70 
16 8/5/91 6790 490 
17 9/5/91 1220 -- ------ --- --------- 30 --------------------- 20 
18 13/5/91 4145 55 
19 1 5/5/91 1300 ------------------ -- 
20 _ 17/5/91 2950 
21 20/5/91 4955 283 
22 22/5/91 5360 ............. 254 --------- 
23 24/5/91 1350 31 6 
24 27/5/91 13300 496 
25 5/6/91 ----------------- 
26 7/6/91 --------- -- ---- --- 4745 410 
27 11/6/91 2610 20 5 
28 - 12/6/91 ------------------ - -------- 280 ------------ ................... 19 . 
29 14/6/91 1 ---------- 7080 --- -------- ----- 97 
30 17/6/91 270 14 3 
31 ------------ 1-9/6/91 ........................ 845 
32 21/6/91 8885 300 
33 1/7/91 2055 150 
....... 
34 
34 3/7/91 2500 60 
35 8/7/91 13715 300 
36 16/7/91 5115 480 48 
37 17/7/91 2185 400 
38 19/7/91 3860 1780 
39 22/7/91 5605 210 22 
- [-24/7/91 4825 1110 77= 
351 
B-10 15 "C Period [Total Coliform Counts (CFU/100 MI) (Continued)] 
E F G H 
1 Filtrate A40 Filtrate A60 filtrate A Filtrate B10 
2 0 92 
3 0 0 52 
4 1 0 110 
5 0 16 
6 0 0 20 
7 0 0 46 
8 1 21 
9 0 0 14 
10 1 0 19 
11 0 43 
12 1 0 92 
13 484 271 - ------ -- -- ..... ------------- --------------- 926 
14 40 165 
15 50 44 129 
16 64 26 810 
17 3 160 
is 1 1 206 
19 123 
20 208 
21 16 2 173 
22 8 0 178 
23 1 55 
24 3 0 820 
25 ............. 
26 10 3 1400 
27 I 0 710 
28 2 ------- ------------- ................. 0 
-------- 
. ...................... 
- ----- 
20, ý5 ýO 
_ 29 2 -- 0 17TO 
30 2 170 
31 1 1 70 
32 4 0 730 
33 5 230 
34 1 1 70 
35 2 0 1720 
36 48 1830 
37 27 26 1260 
38 -------------- 105 ------- j - --- wý ------ 66 3040 
39 6 1120 
40 72 --------- - --------------------- 7.0 1280 
352 
B-10 15 "C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
1 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
2 14 2 
3 1 0 
4 1 ---------- 1 
5 ---------- 0 
6 
-- - ---------------- ........ 
0 0 
7 0 0 
8 --- 11 -------------------- ------ -- - --- 0 
9 2 0 
10 .......... 2 
11 19 0 
12 3 - 0 
13 --------------- 578 328 
14 - 147 --- --------------- 132 
15 56 54 
16 62 24 
17 38 2 
18 14 0 
19 ------------ -------- 6 --------------------- 3 
20 86 9 
21 23 1 
22 7 5 
23 22 1 
24 260 25 
25 
26 278 182 
_ 27 294 35 
28 80 33 
29 218 105 
30 71 14 
31 6 2 
32 23 7 
33 29 0 
34 1 1 
35 16 1 
36 330 9 
37 ..... ............... 109 .......... .. .............. 12 
38 322 143 
39 179 12 
40 -d 86 16 
353 
B-10 15 OC Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
m N 0 p 
1 Filtrate C10 Filtrate C20 Filtrate C40 Filtrate C60 
2 49 12 
3 47 7 
4 86 
5 56 13 
6 38 2 
7 52 .................. 0 
8 41 6 
9 27 1 
10 64 2 
11 83 13 
12 95 0 
13 959 394 
14 96 81 
15 85 66 
16 ------------------ 620 38 
17 80 14 --------------- 
_ 18 248 15 
19 --------- 138 --------------- 7 
20 292 52 
21 281 5 
22 285 4 
23 84 14 
24 1078 80 
------------- 25 
26 1490 239 
27 610 278 
28 180 68 
----- --------- - ------------ 29 -- 1640 ------------------- -- 132 
30 150 128 
31 70 16 
32 1340 18 
33 100 36 
34 100 -------------------- 
35 1070 8 
36 1460 219 
37 1010 29 
38 - wýwý ----- 3310 ----------- 417 
39 910 196 
40 980 
354 
B-10 15 "C Period [Total Coliform Counts (CFU/100 MI) (Continued)] 
9 
1 FUtrate C 
2 0 
3 0 
4 0 
5___ 0 
6 1 
7 0 
8 ----- ------- 0 
9 0 
- 10 --------------- 0 
11 0 
12 2 
13 187 
14 59 
15 36 
16 12 
17 4 
18 0 
19 0 
20 .1 
21 2 
22 0 
23 -------------- 1 
24 3 
25 --------------- 
26 104 
27 15 
28 9 
29 27 
30 9 
31 2 
32 0 
33 0 
34 0 
- 35 ----------- - -------------- 0 
36 3 
............... - 37 4 
- 38 -------------- 186 
39 
40 
20 
8 
355 
B-10 15 OC Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A20 
42 26/7/91 11660 3140 
43 29/7/91 2000 190 24 
44 31/7/91 4440 580 
45 2/8/91 3820 160 
46 5/8/91 2475 50 5 
47 9/8/91 3225 330 
48 6/9/91 2730 2020 
49 9/9/91 1185 580 412 
50 11/9/91 3170 1010 
51 13/9/91 5165 1510 
52 16/9/91 3990 180 59 
53 1 8/9/91 3775 370 
54 _ 20/9/91 ------------- ------- --------------- 7960 930 
55 23/9/91 4205 800 331 
56 25/9/91 8500 1380 
57 27/9/91 3645 420 
zI 
356 
B-10 15 OC Period [Total Coliform Counts (CFU/100 mi) (Continued)] 
EI FG H 
41 Filtrate A40 Filtrate A60 Filtrate A Filtrate B10 
42 ----------- ------------ - --------------- 308 133 2920 
43 7 640 
k :::: 
44 . ............. 15 ....... ................ 2 85O - 
45 33 990 
46 2 680 
47 6 .............. 3 ........... 490 
48 592 396 1440 
49 161 460 
50 297 90 630 
- 51 -- -- ------------- ------------- ---------- 192 81 -------- 990 
52 15 470 
53 4 23 540 
54 67 42 1580 
55 22 1440 
------------- 56 287 41 1540 
57 62 1 650 
357 
B-10 15 'C Period [Total Coliform Counts (CFU/100 MI) (Continued)] 
K L 
41 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
42 232 75 
43 
44 
101 
14 
4 
2 
45 
46 
47 
64 
11 
2 
1 
2 
48 
49 
50 
-------- 
127 
-------------- ------------- ---------- 312 
60 
221 
68 
27 
51 46 36 
52 
53 
44 
--------------- ------------ 26 
14 
------- 20 
54 72 45 
55 381 21 
56 239 50 
57 57 15 
358 
B-10 15 'C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
m N0 p 
41 Filtrate C10 Filtrate C20 Filtrate C40 
---------- 
Filtrate C60 
42 2000 --------- 
- 
300 
43 570 111 J 
44 640 26 
45 790 15 
46 520 58 
47 700 ................... 9 
-- - _ 48 410 - ---------- --------- 98 
49 1080 48 
50 250 43 
51 310 ---------- 62 
52 280 71 
53 250 28 
54 560 108 
55 480 214 
56 1410 356 
57 1 ---- -- 690 95 
359 
B-10 15 OC Period [Total Coliform Counts (CFU/100 MI) (Continued)] 
9 
41 Fiftrate C 
42 65 
43 
44 
5 
3 
45 3 
46 1 
47 1 
48 ---- - ------ 80 
49 18 
50 14 
51 - 29 ------------------ 
52 14 
53 10 
54 26 
55 14 
56 71 
57 29 
360 
11 15 "C Period [Suspended Solid Measurements 
A B c D 
1 Date Influent Filtrate A10 Filtrate A 
2 2/4/91 2.2 
.......... 
0.8 
.. 
0.4 
3 4/4/91 
----- 
0 
- 
0 
4 8/4/91 2.6 -------- -- 
i 
------------------- -06ý3 0.1 
5 10/4/91 0.9 - 0.8 0.6 
12/4/91 1 0 0 
7 24/4/91 4 0.8 0.6 
8 25/4/91 3.6 1.3 1.3 
9 26/4/91 2.8 0.7 0.3 
10 28/4/91 2.4 0 ----------- 
11 29/4/91 3.7 0.4 0 
12 30/4/91 2.4 1.2 0.9 
13 ----------------- 1/5/91 ---------- 18.4 --- .......... 1.7 0.6 
14 3/5/91 14.6 1.5 1 
15 6/5/91 6.6 1.8 1.8 
16 8/5/91 10.4 ................. 0.7 0.3 
17 9/5/91 12.6 0.7 0.7 
18 13/5/91 18.3 0.3 0 
19 15/5/91 8.5 
20 17/5/91 5.6 
21 20/5/91 14.2 0.1 0 
22 ------------ ... 22/5/91 4.4 ------------------ -- 0 --- ........ ........... 0 
23 24/5/91 12.6 0.3 
----- 
O. J 
24 27/5/91 9 1.8 1.1 
------------- 25 5/6/91 
26 7/6/91 8.3 0.2 0.2 
27 11/6/91 3.3 0.6 0.6 
28 12/6/91 .......... 6.4 .. ----------------------- 0.8 o. 6 
29 - -- --------- 14/6/91 6.6 0.4 0.4 
30 17/6/91 3.9 0.6 0.7 
31 19/6/91 18.6 ........... ............. 0.6 0.3 
32 21/6/91 4.4 0.1 0.1 
33 1/7/91 3.9 0.8 0.8 
34 3/7/91 --- 3-. -3 ------ 0.9 0.7 
35 8/7/91 15.9 0 0 
_ 36 16/7/91 14.4 o. 5 0 
37 17/7/91 ...... 5- .4 
-------- 1.2 0.5 
38 - ------- ------------- I- 9/7/91 - -------- -------------- 1.9 - 0.2 0 
39 22/7/91 10.6 0.9 0.6 
401 _ ---------- w-2417191 ----- 1.6 0.3 0.1 
361 
B-11 15 "C, Period [Suspended Solid Measurements (mg/1) 
(Continued)] 
E F G H IE 
Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
2 0.1 0.1 0.2 ------- --- 
- 
0.2 
3 0 0 - 0.1 
-- - - - 
0.1 
4 1 0.4 0.5 ----- ----- - - --- --- 0.6 ------ 
5 0.2 0 0.4 0.4 
6 0 0 0 0 
7 0.9 
- 
0.7 1.3 
--- -- 
0.4 
8- --- - ------ ----- ------------------ 0.9 -- --- --- 0.9 --- -- ----------- 1 ---- 0.3 
9 - 0.2 0.4 0.6 
.I...... - --------------- 
0.2 
------------------- 1 10 3 ---------- .......... -- I ---------- 1.7 1 0.2 
0 0 0 0 
12 0.4 0.1 1.8 0.4 
13 1.7 ...... I .. .2 
--- --- ---------- 2.6 0.5 
14 --- --- 3.8 0.7 2.5 0.6 
15 1.7 1.4 2.6 1 
16 0.7 0.8 0.7 0.7 
17 . ..... -0. -8-- 0.2 1 
0.2 
18 0 0 0 
19- 0.36 ..... 0.23 0.5 0.23 
20 0.9 0.6 0.9 o. 5 
21 --- ------ ---- 0.8 0.5 0.8 0 
22 --------------- : EO. 2 ... 0 0.6 0 
23 - ------ 0.7 0 6 0.6 0.4 
- 24 --------------------- 1.4 1 1.7 0.9 
25 .............. 
26 0 0 0.6 0 
27 0.7 0.7 0.7 __0.7 
28 0.9 0.8 0.9 
0.6 
0 1 
29 0.4 0 0.1 . 
30 0.3 0 0.6 
0.2 
31 0 0 0.7 
0 
32 --- -------- 0.2 0.2 0.6 
o. 5 
33 0.6 0.6 0.7 
0.3 
34 0.6 0.4 0.5 
0.5 
35 0 0 0 
0 
36 0.8 0 0.3 
0 
37 0.6 0.8 0.9 
0.8 
38 --- 0.6 0 0.5 
0 
39 , 1.1 0.7 1.1 
0.7 
40 
_0.3 
0.1 0.1 0 
362 
B-11 15 "C Period 
(Continued)] 
[Suspended Solid Measurements 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A 
42 26/7/91 
_21.9 
0.6 0.3 
43 29/7/91 
------------------- 
12.7 1.1 0.9 
44 31/7/91 7.5 0.2 0 
45 2/8/91 2.9 0.1 0 
46 5/8/91 6.5 1.1 1.1 
47 ---------- 9/8/91 ............. ------------- 5.7 0.5 0.6 
48 6/9/91 2 0.5 0.5 -- ----- 
49 9/9/91 2 1.4 0.9 
50 11/9/91 1 0.6 d-. 3 
51 13/9/91 2.4 0.6 0.4 
52 16/9/91 4.1 0.4 0.4 
53 ............ I 18/9/91 6.9 0.4 ------------------- ---- 0.2 
54 20/9/91 2.7 0.5 0.3 
55 23/9/91 3.1 0.3 0.3 
56 25/9/91 1.6 0.3 0.2 
57- F-27/9/91 1.8 0.3 0.4 
363 
B-11 15 OC Period 
(Continued)] 
[Suspended Solid Measurements 
E FG H 
41 Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
42 2.6 0.3 2.2 0.5 
43 2.4 0.8 1.1 0 
44 1.1 0 0.6 0 
45 1 0 0.8 0 
46 1.8 1 1.3 0.9 
47 0.9 0 0.7 0.2 
48 0.7 0.4 0.2 0.3 
49 1.1 1.1 0.7 0 
50 0.7 0.3 0.4 0.2 
51 0.7 0.6 0.5 0.1 
52 0.4 0.3 0.4 0.4 
5 0.1 0 0.4 0.4 
54 0.7 0.7 0.7 0.6 
55 0.6 0.6 0.8 0.1 
56 0.3 0.2 0.5 0.5 
5fl 0.5 0.2 0.1-- 0.1 
364 
B-12 15 OC Period [Turbidity Measurements (mg/l)l 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A 
2 2/4/91 
--- 
1.5 0.3 0.3 
3 4/4/91 1.5 0.42 0.2 
4 8/4/91 2.2 0.36 0.25 
5 10/4/91 0.8 0 . 3 2 
----- 0.17 
6 12/4/91 .... - - - 1.1 0.3 0.18 
7 24/4/91 
--- 
.......... 2.2 0.33 
---------- 
0.21 
8 25/4/91 1.9 0.31 0.2 
9 26/4/91 
------------- -- 
2.1 0.3 0.23 
10 28/4/91 1.8 0.28 ................. ...... 0.26 
11 29/4/91 2.5 0.5 0.27 
12 30/4/91 1.1 0.33 0.24 
13 1/5/91 25 3.1 0.52 
14 3/5/91 18 2.9 1.3 
15 6/5/91 7.3 2.2 1 
16 8/5/91 9 0.62 0.34 
17 9/5/91 9.6 0.35 0.23 
18 13/5/91 18 0.34 0.23 
19 15/5/91 4.6 
20 17/5/91 3.2 
21 20/5/91 9.8 0.29 0.22 
- 22 ----------------- 22/5/91 2.5 0.36 ---------------- 0.32 
23 24/5/91 10 0.39 0.21 
24 27/5/91 4.4 0.25 0.24 
25 ---------- 5/6/91 
26 7/6/91 4.3 0.25 0.22 
27 11/6/91 1.2 0.26 0.24 
28 12/6/91 --------------- 2.7 0.32 0.27 
29 - ------------- 14/6/91 --------- --------------------- 3-. -5 0.32 0.31 
30 17/6/91 3.1 0.25 0.19 
31 19/6/91 7.3 0.32 0.25 
32 21/6/91 2 0.34 0.3 
33 1/7/91 2.9 0.45 0.4 
34 3/7/91 1.3 0.25 
0 
0.25 
35 - --------------- 8/7/91 . 7- .50.3 
0.26 
36 16/7/91 8 0.2 0.25 
37 - -------------- 1'7/7/91 2 0.22 0.25 
38 19/7/91 4.5 0.45 0.35 
39 22/7/91 6 0.53 0.44 
40 24/7/91 ......... ------- 4.2 0.4 0.38 
365 
B-12 15 OC Period [Turbidity Measurements (mg/1) (Continued)] 
E FG H 
1 Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
2 0.45 0.24 0.4 I- 0.3 
3 0.55 
-------------- 
0.2 0.56 0.2 
4 0.65 
-------------- 
0.24 0.5 
------- 
0.24 
5 0.55 0.25 0.33 0.19 
6 0.12C dt -81 ý-v .......................... 
0.2 0.28 
.................... 
0.25 
7 0.34 0.25 0.55 0.24 
8 0.32 
1- 
0.25 0.52 
- 
0.22 
9 0.35 0.23 0.45 0.35 
10 0.33 
------------ ---------------- 
ýv ................ 0.22 0.85 0.53 
11 0.43 0.37 0.28 ------- 0.25 
12 0.3 0.23 0.8 0.38 
13 2.3 
- ---------- 
A. 0. %J-x 4 0.51 
14 3.7 --------- - 2.1 5.2 1.8 
15 3 1.6 4 
.3 16 1 0.37 0.9 0.26 
17 0.49 0.26 0.47 0.22 
18 0.41 0.23 0.47 0.25 
19 0.36 0.23 0.5 0.23 
20 0.32 -- ---- ------ 0.2 0.63 0.25 
21 0.45 0.35 0.5 0.22 
22 ---------- 0.4 0.27 0.45 0.24 
23 0.29 ----------------- ----- 0.26 0.55 0.27 
24 0.37 1 0.27 0.67 0.22 
25 -------------- --------------- ------ 
26 0.32 
- 
0.2 0.45 0.26 
27 0.34 0.2 0.35 0 .2 - 28 ------------- 0.29 0.16 0.47 - ........... --- 0.27 
29 0.37 0.19 0.46 0.14 
30 0.35 0.26 0.43 0.26 
31 0.45 0.19 0.5 ----------- v_ 0.22 
------------ -------- - - 32 0.3 0.29 0.38 6 .3 
5 
33 0.5 0.21 0.46 0.39 
34 0.39 ............ 0.24 ..... 0.3 0.2 
35 ------------- 0.45 0.2 0.47 -------------- --- 0.2 
36 0.5 . 
51 0.19 0 0.25 
37 0.37 _ - o. 15 .................. ........... .... 0.38 0.19 
38 1.2 00.9955 0.22 0.23 
................ , 
0 
39 0.78 0.27 0.7 
!E 
ý0.3 
401 --------- 0.95_ 0.73 0.33 3 0.37 0. 
366 
B-12 15 'C, Period [Turbidity Measurements (mg/1) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A 
42 26/7/91 30 1.5 0.15 
43 29/7/91 16 0.8 0.18ý 
44 31/7/91 7.3 0.45 0.14 -------- 
45 
- 
2/8/91 2.1 0.33 0.13 
46 5/8/91 5.5 0. 0.24 
47 9/8/91 ------------ --------- --- ............. 5.3 0.27 _ 0.16 
48 6/9/91 2 0.32 0.26 
49 9/9/91 1.3 0.46 0.23 
50 11/9/91 0.7 0.33 0.2 
51 13/9/91 1.8 0.4 0.28 
52 16/9/91 4.6 0.7 0.39 
53 18/9/91 .... -------- 6.2 0.37 ...... .... .... . ....... .......... 0.21 
- 54 --- --------- 20/9/91 2.2 0.35 0.2 
55 23/9/91 3 0.34 0.2 
56 25/9/91 1.2 0.35 0.18 
57ý ---- --- ---- 27/9/91 1.2 0.35 0.19 
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B-12 15 "C Period [Turbidity Measurements (mg/1) (Continued)] 
E FG H 
41 Filtrate B10 Filtrate B Filtrate C10 Filtrate C 
42 4.8 0.21 3.7 0.18 
43 3.3 0.2 2.5 
------- 
0.2 
44 1.9 ---------- ------------------ 0.19 1.4 0.22 
45 0.85 0.25 0.95 0.19 
46 1.2 0.16 0.62 0.22 
47 0.75 0.25 0.48 ---------------- ---- 0.2 
48 0.34 0.2 0.24 0.22 
49 0.34 0.23 0.4 0.22 
50 0.33 0.27 0.32 ----------------- .... 0.2 
51 0.35 0.23 0.38 0.23 
52 0.62 0.27 0.8 0.24 
53 0.55 0.18 0.45 0.22 
54 0.6 0.25_ 1 0.38 
---------------- -------- 
0.22 
55 0.75 0.22 0.36 A 0.29 
56 0.48 0.2 0.38 0.26 
57] ------- 0.41 0.17 0.38 0.23 
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B- 13 5 "C Period [Faecal Coliform Counts (CPU/ 100 ml)l 
A Bc D 
I Date Influent Filtrate A10 Filtrate A20 
2 2/10/91 200 150 125 
3 4/10/91 380 30 
4 7/10/91 975 50 
5 9/10/91 870 30 8 
6 11/10/91 1145 20 
7 14/10/91 1410 10 
8 16/10/91 685 20 1 
9 18/10/91 2435 30 
10 23/10/91 305 10 
11 25/10/91 690 100 ----------- 4 
12 1/11/91 450 300 
13 5/11/91 355 300 
14 8/11/91 600 80 56 
15 11/11/91 130 40 
16 15/11/91 ------ --------------- 455 20 
17 18/11/91 225 10 2 
18 20/11/91 1060 600 
19 ---------- 2- 2/11/91 340 210 
--- 20 25/11/91 810 200 140 
21 27/11/91 2 0 50 
22 - ------------- 9-/12/91 . .... ............. ---------------------- -------------- ... 180 1370 
23 11/12/91 ------ 270 40 18 
24 17/12/91 80 40 
25 18/12/91 ............ 2.330 1420ý 
26 ----------- 20/12/91 460 ---------- 280 259 
27 23/12/91 ýý1(: 2: 0: 50 
28 27/12/91 140 150 
------ . 29 - -------- 29/12/91 ... 80 70 66 
30 30/12/91 180 90 
31 1/1/92 300 220 
32 6/1/92 850 650 116 
33 8/1/92 1015 860 
34 10/1/92 1445 570 
35 - ------------- 15/1/92- ----- - 130 30 22 
36 17/1/92 260 190 
37 - ------------- 20/1/92 340 350 
38 22/1/92 ---------- 200 190 62 
39 24/1/92 570 250 
4 -1 0 -29/1/92 805 
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B-13 5 "C Period [Faecal Coliform Counts (CFU/loo ml) (Continued)] 
E F G H 
1 Filtmte A40 Ffltmte A60 FUtmte A Filtrate B10 
2 36 140 
3 13 5 180 
4 13 3 160 
5 6 370 
6 8 3 230 
7 3 0 26 
8 ------------- 0 170 
9 1 0 80 
10 0 0 
11 0 510 
12 90 70 350 
13 75 35 ýv 300 
14 - ------------------- ---- 8 130 
15 6 0 60 
16 2 1 70 
17 0 90 
18 106 23 260 
19 ------------------ ....... ...... 42 17 ------------------ - 130 
20 44 240 
21 9 6 20 
22 4 0 210 ---------------------- 
23 1 110 
24 17 6 10 
25 437 313 
-------- ---- 
270 
26 - ---- 132 460 
27 41 2 9 40 
28 75 - 36 100 
29 9 - ------ 80 
30 28 11 100 
31 14 .......... ........... 4 180 
32 7 440 
33 96 27 580 
34 -------------- 61 38 980 
35 --------- 14 60 
36 54 21 210 
37 - ------------------- 21 7 280 
38 16 170 
39 143 43 500 
40-1 . .......... 162 ............. r-70 480 
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B-13 5'OC Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
1 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
2 126 8 
3 4 
------------ 
0 
4 
-------------- 
6 2 
5 24 2 
6 
-- ------------------- ........ 
3 
.............. 
2 
7 4 ------ - .......... 2 
8 5 
............. --------- 
0 
9 4 1 
- 10 ------------------- ------------- 0 0 
11 58 0 
12 47 34 
13 28 ---------- 14 
14 40 ------ -- -- -- ---- 9 
15 8 2 
16 6 1 
17 9 2 
18 24 4 
19 7 6 
20 112 38 
21 3 1 
22 --------------- 5 0 
23 30 2 
24 2 1 
25 ................. .. 10 .......................... . 5 
26 221 124 
27 21 13 
28 . .................... 25 5 
29 40 4 
30 7 1 
31 4 2 
32 94 7 
33 64 10 
34 58 29 
35 30 8 
36 64 16 
37 - ------------------- ... -------------- -------- 27 12 
38 81 13 
39 48 9 
40 26 14 
37 1 
B-13 5'OC Period [Faecal Coliform Counts (CPU/100 ml) (Continued)] 
m N 0 p 
1 Filtrate C10 Filtrate C20 Filtrate C40 Filtrate C60 
2 130 98 
3 40 
4 80 
5 60 8 
6 30 4 
7 70 
8 --- 20 ------------------- 4 
9 100 4 
10 10 ............. ......... .............. 
11 20 1 --------- ---- --------- 
12 80 27 
13 80 19 
14 30 22 
15 30 3 
16 20 4 
17 20 ------------- 3 ----- ---- ------------------ ----- 
is 100 17 
- 19 ------------------- 120 10 
20 180 81 ------ ------------ ----------- 
21 20 6 
22 1290 69 
23 190 140 
24 60 10 
25 1470 381 
------------- 26 370 246 
27 50 
±7 
22 
28 ----- 90 --------- --- --- -- 
- 
J -- --------- 
29 
29 60 ----------- 39 
30 130 8 
31 140 
- - ----- v 
6 
32 490 - ----------- 150 --- - ----------- 
33 560 40 
34 530 43 
35 30 ----- 26 
36 110 19 - ------ 
37 ............ 200 
-- ---- -- - 
26 
38 120 79 
39 460 57 
40 36 -- 55 
3 72 
B-13 5 'C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
9 
I PUtrate C 
2L 4 
3 3 
4 1 
5 0 
6 0 
7 0 
8 1 
9 0 
10 0 
11 0 
12 27 
13 8 
14 0 
15 3 
16 -------------- 0 
17 1 
18 6 
--------- 19 ------ 2 
20 24 
21 2 
22 -------------- 21 
23 30 
24 4 
25 183 
26 116 
27 7 
- 28 ------------- 10 
29 -------------- 3 
30 8 
31 0 
32 5 
33 9 
34 32 
35 13 
36 8 
--------------- --------------- 37 4 
38 12 
39 13 
40 30 
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B-13 5 OC Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 FUtrate A20 
42 31/1/92 ------------- 650 500 150 
43 7/2/92 230 230 
44 10/2/92 910 560 
45 12/2/92 1420 970 476 
46 14/2/92 910 680 
47 17/2/92 450 350 
48 19/2/92 1410 1380 728 
49 21/2/92 960 670 
50 24/2/92 110 40 
51 26/2/92 570 410 100 
52 28/2/92 300 190 
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B-13 5 "C Period [Faecal Coliform Counts (CFU/loo ml) (Continued)] 
E FI G H 
41 Filtrate A40 Filtrate A60_ 
_j- _ 
Filtrate A Filtrate B10 
42 __ _ ----- 6 580 
43 E129 
- -- --- 
38 120 
44 .................... 39 ---- 19 ........ 
45 93 1370 
46 129 61 690 
4F 41 21 340 
48 276 1390 
49 78 23 950 
50 7 6 70 
51 4 510 
52 10 6 290 
3,75 
B-13 5 "C Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
I J 
ý= 
'K L 
41 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
42 383 
1 
----------- 
............ 
45 
43_ 
. ---------- 
47 
.. 
12 
44 ..... ------------------- 25 9 
45 766 262 
46 
... 
353 
.......... 
181 
47 .............. 138 84 
- 48 ------------------- ----- 711 -------------- 289 
49 243 108 
50 12 10 
51 199 - ----- --------------- 16 
52 
1 
13 15 
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B-13 5 OC Period [Faecal Coliform Counts (CFU/100 ml) (Continued)] 
m N 0 p 
41 Filtrate C10 Filtrate C20 Filtrate C40 Filtrate C60 
42 
43 
160 
150 
96 
i 
28 
44 330 ............ 24 
45 
46 
1380 
700 
637 
235 
47 410 107 
48 
49 
50 
51 
1400 
910 
50 
460 
884 
181 
227 
7 
52 270 18 
377 
B-13 5 OC Period [Faecal ColifOrm Counts (CFU/100 ml) (Continued)] 
9 
41 Filtrate C 
42 13 
43 5 
44 11 
45 217 
46 122 
47 62 
48 276 
49 ill 
50 6 
52 1 
378 
B-14 5 'C Period [Total Coliform Counts (CFU/100 mi)] 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A20 
2 2/10/91 785 
- -------- 
670 489 
3 4/10/91 1120 110 
4 7/10/91 5670 66- 
5 9/10/91 2870 80 27 
6 11/10/91 - 4155 30 
7 14/10/91 14165 20 -------- * .......... 
8 16/10/91 ------------- 9665 20 6 
9 18/10/91 10640 60 
10 23/10/91 ...... 2125 150 
11 25/10/91 2580 120 1 ------- - 
12 1/11/91 2640 970 
13 5/11/91 2590 1000 
14 8/11/91 5435 ------ 690 255 
15 11/11/91 740 130 ý 
16- 15/11/91 70 1645 
17 18/11/91 ------------- ---------- 565 20 12 
18 20/11/91 1910 1270 
19 ----------- 2- 2/11/91 2260 620 
20 25/11/91 ------------------- 3125 1260 -- 577 
21 27/11/91 390 220 
22 9/12/91 ---------- 3380 410 
--- -------- -------------- 23 11/12/91 -------------- --------- 595 180 54 
24 17/12/91 180 110 
------- ------------------- --- 25 8/12/91 1 4975 3000 ------------ 
- ------------ 26 ...... _ ----- 20/12/91 2635 1130 618 
27 23/12/91 400 560 
28 ----------- 2-7/12/91 ....... --------- 735 690 
29 29/12/91 ------ 540 600 267 
30 30/12/91 1055 
31 - --------------- 1/1/92 ..... i -- 1 -- 3-0 78 
-0 32 - --- 6/1/92 ------- - --- --- -------------------- ------ wwýý - ------- 1790 2270 258 
33 8/1/92 2540 5140 
34 10/1/92 ---- - --- 1380 ------------------- 3-0-50 
- 35 -------- - 15/1/92 ------- - --------- 370 120 84 
36 17/1/92 2090 1370 
37 20/1/92 720 13 2 5 
38 22/1/92 _ _ ---- --- --- --- --- 900 980 210 
39 24/1/92 1560 2620 
40 29/1/92 1 ------------- 1350 6105 T- 
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B-14 5 OC Period [Total Coliform Counts (CPU/100 ml) (Continued)] 
E FG H 
1 Filtrate A40 Filtrate A60 Filtrate A Filtrate B10 
2 106 780 
3 79 21 720 
4 
-- ------------------- 
38 9 570 
5 6 1060 
6 14 4 830 
7 11 4 1470 
8 4 870 
9 
-- 
8 
---- ------------------ -- 
1 710 
10 - - .............. 21 ...... 980 
11 4 1200 
12 251 190 1170 
13 174 121 1710 
14 ------------------ 66 ------ 1810 
15 28 12 460 
16 38 3 380 
17 3 110 
18 201 41 540 
19 128 55 490 
20 267 1400 
21 48 40 90 
22 11 7 760 
23 6 390 
24 50 17 90 
25 ------------------------ 922 610 770 
26 ---------- -- -------- 305 1530 
27 149 _ 83 
_210 28 164 103 480 
29 47 480 
30 106 31 540 
31 59 21 470 
32 --------- -------- -- 28 1290 
33 229 --------------------- 2070 
34 99 68 1010 
35 28 350 
36 189 76 1800 
37 80 52 890 
38 ... 54 470 
39 316 127 1640 
40 .......... ---------- ---------- ....... 3.4.6 ----- 207 1530 
380 
B-14 5 'C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
I i K L 
I FUtrate B20 Ffltrate B40 iTtrate B60 Filtmte B 
2 414 40 
3 35 6 
4 10 5 
5 73 2 
6 17 7 
7 15 4 
8 54 5 
9 19 2 
10 7 3 
11 153 5 
12 199 ill 
13 - -------------------- 129 62 
14 218 32 
15 45 10 
16 ------------------ 29 12 
17 42 2 
18 38 17 
19 36 16 ---------------------- 
20 347 195 
21 11 8 
22 .................. 10 .... 9 
23 86 7 
24 5 1 
25 ........ -------- 33 22 
------ 26 519 271 
27 74 32 
28 74 27 
29 181 16 
30 69 9 
31 34 13 
- 32 ------ -------- 228 13 
33 174 60 
34 81 41 1 
35 103 ý ----- 2 32 
36 463 92 
37 82 33 
38 227 34 
39 131 46 
401 ---- ---------- . ......... 108 45 
38 1 
B-14 5 "C Period [Total Coliform Counts (CPU/100 ml) (Continued)] 
m N0 p 
1 FUtrate C10 FUtrate C20 FUtrate C40 Filtrate C60 
2- 
------------ 
780 310 
3 370 33 
4 450 29 
5 400 74 
6 140 18 
7 460 24 
8 340 76 
9 200 24 
10 40 .................... 3 
11 40 14 
12 150 66 
13 310 58 
14 330 115 
15 100 24 
16 70 16 
17 80 15 
18 130 35 
19 220 15 
20 720 287 
21 120 33 
22 2730 161 
23 580 328 
24 160 58 
25 3130 718 
26 1064 429 
27 170 66 
28 510 109 
29 ------------- 580 ---------- 216 
30 470 57 
31 700 20 
32 1360 313 
33 1920 143 
34 770 -------- --------- ........... ----------- . 61 
35 220 --- ... . 90 
36 720 154 
37 760 - ---------------------- 78 
38 600 240 
39 1140 186 
40 1580 177 
382 
B-14 5 "C, Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
9 
1 FUtrate C 
2 15 
3 2 
4 ................. 7 
5 5 
6 3 
7 1 
8 3 
9 3 
10 4 
11 5 
12 55 
13 38 
14 ------------- 34 
15 9 
16 10 
17 3 
18 7 
19 6 
20 -------------- 89 
21 15 
22 33 
23 84 
24 11 
25 348 
26 316 
27 25 
28 41 
29 26 
30 15 
31 4 
32 ------------ --- 24 
33 32 
34 44 
35 
36 
-------------- 15 
27 
37 19 
38 44 
39 83 
_ 461 111 
383 
B-14 5*C Period [Total Coliform Counts (CPU/100 ml) (Continued)] 
A B c D 
41 Date Influent_ Filtrate 
_A10 
Filtrate A20 
42 31/1/92 2900 -- ------------ 1480 328 
43 7/2/92 1070 1070 
44 10/2/92 2985 1966 
45 12/2/92 5270 3380 819 
46 14/2/92 3325 2440 
47 17/2/92 . 2405 ....... --------------------- 1640 -- 
48 19/2/92 6835 4110 1070 
49 21/2/92 4745 2150 
50 24/2/92 2110 860 
51 26/2/92 3285 970 289 
52 28/2/92 2360 930 
384 
B-14 5 'C Period [Total ColifOrm Counts (CFU/100 ml) (Continued)] 
E F G 
--H 41 Filtrate A40 Filtrate A60 Filtrate A Filtrate B10 
42 
.. ......... 
48 A ----- 
2220 
43 328 126 
....... ........ 
930 
44 154 69 1720 
45 276 ------ ---- 4100 
46 439 190 
- 
2940 
........... 47 - 181 
--- 
1720 
48 624 4670 
49 206 
------ --------- - 
2850 
50 49 ........ - ----------- 19 1190 
51 41 
# 
1860 
52 99 1 44 
_ 
1350 
385 
B-14 5 'C Period [Total COlifOrm Counts (CFU/100 MI) (Continued)] 
I i K L 
41 Filtrate B20 Filtrate B40 Filtrate B60 Filtrate B 
42 589 171 
43- 147 60 
44 95 4 
45 1166 
. . ........ 
591 
46 720 479 
47 - ------------------ ... 429 339 
48 1230 ------- 670 
49 529 
. .......... ---- 
310 
50 98 54 
51 457 i 64 
52 41 
386 
B-14 5 'C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
m N0 p 
41 Filtrate C10 Filtrate C20 Filtrate C40 Filtrate C60 
42 570 335 
43 660 100 
44 1150 
--- ------------ 
90 
45 4160 914 
46 2850 528 
47 1890 320 
48 4650 1184 
49 2830 375 
50 940 7 
51 1540 425 ------------ 
52 1380 125 
387 
B-14 5 'C Period [Total Coliform Counts (CFU/100 ml) (Continued)] 
9 
41 FUtrate 
42 47 
43 40 
44 41 
45 521 
46 390 
47 271 
- 48 -------------- 698 
49 289 
- 50 -------------- 40 
1 48 
52 28 
388 
B-15 5 "C Period [Suspended Solid Measurements (mg/1)] 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A 
2 2/10/91 4.3 1 0.7 
3 4/10/91 2.4 0.8 0.4 
4 7/10/91 3.8 0.4 0.1 
5 9/10/91 2.9 1.3 0.5 
6 11/10/91 20 0 
7 14/10/91 -------------- 3.1 0.2 0.1 
8 16/10/91 2.9 0 0.5 
- 9 18/10/91 20 0 
10 23/10/91 2.2 0.6 
11 25/10/91 ----- --- ------- --------- 1.1 0.3 -- ------------- 0.3 
12 1/11/91 2.6 1 0 .4 
13 5/11/91 3.2 0.6 ----------------- . ..................... 0 
14 8/11/91 3.9 0 0 
15 11/11/91 6.2 1.7 0 
16 15/11/91 10 0 
17 18/11/91 ------------- --------- 1.5 0 0 
18 20/11/91 21.7 0.7 0.2 
19 22/11/91 5 1.3 1.3 
20 25/11/91 4.8 0.1 0 
21 27/11/91 5.6 1.1 1 
22 9/12/91 ................... 2.7 0.7 0.1 
23 ------------- ------------ 11/12/91 -------- --- ----- 4.4 o. 5 0.3 
24 17/12/91 1.2 0.7 0 
--------------- 25 -------------- 18/12/91 9.5 4.2 
26 20/12/91 13.9 5 1.2 
27 23/12/91 4.6 2.3 0 
28 27/12/91 ............. 2.9 1.9 1.5 
29 29/12/91 3 1.5 1 
30 30/12/91 1.6 1.1 0.8 
31 1/1/92 1.3 0.8 o. 5 
32 6/1/92 1.4 0.9 1.2 
33 8/1/92 1.2 0.6 0.4 
34 10/1/92 ... 5::::::: 3 1.3 
= 
35 15/1/92 2.3 1.1 
36 17/1/92 3.7 2.1 1.3 
37 ------------- 20/1/92 1.3 0.9 0.8 
38 22/1/92 0.9 2.6 
ý --- 
0.8 
39 24/1/92 -- -- 1.8 0.6 0.2 
40 29/1/92 7.3 1.7 0.9 
389 
B-15 5 "C Period [Suspended Solid Measurements (mg/1) (Continued)] 
E F G H 
1 FUtrate B10 FUtrate B FUtrate C10 PUtrate C 
2 0.7 0.1 1.5 0.8 
3 1.1 1 0.5 1.2 0 
4 0.4 0.2 
_ 
0 
5- 1.7 ---- 0.5 ý - -- --------------- - -- 0 ----- - W- ----------- 0 
6 0.2 0 
7 ................... -. - .................. 0 ........... 
---- ------- 
0 0 ................ - 0 
- ------------- -------------------- 0.2 0 ----------------- - 0.3 ----- 0 
9 0 0 0.3 0.2 
10 - -- ------------------- --------------------------- ---------------- 0.6 1.3 
-- - 
0.3 
11 - 1 0.2 0.4 ------ -------- - 0.3 ------- 
12 1.6 0.8 0.9 0.2 
13 ---- wý ........... 1.3 0 .......... -------- 0 0 
------------- 14 ý 1.1 - -- -------------- --- ---- ------------------ ----- 0.2 ----- ----- 0.2 
15 1.5 1 1.1 0.9 
......................... 16 04....... .......... -0 0.1 1 0.2 
17 0 0 0 0 
18 3.9 0.5 0.3 
. .... . ............. 
19 1.2 - 0.8 - 0.8 0.2 
20 1.6 ---- ----- 0 0 
-------- 
0 
21 0.7 0.7 2.3 
-------- 
1.2 
22 ------------------ 0.6 - -------------------- Ol:. 6:::: 1.1 = 0.7 
23 1 0.2 ____ 2 0.2 
24 0.5 ' 0 1.1 0 
25 2.3 1 
... . ......... I . 3 
4.9 1.2 
26 7.7 ---------- ------- __ _ __ ------- 1.2 --- -------- ------ 9.1 1.8 
27 2.5 0 3.6 0 
28 1.6 ....... 1 = 1.8 0.7 1-1ý ------- - 
29 ftýý 1.5 1.2 1. 1.3 1.3 
30 1.4 0.3 1.4 0 .3 0.3 
31 0.9 0.4 0.8 0.8 0 5 o. 5 
32 0.4 0.9 1 0.9 
33 0 0.2 0.4 0 1 
34 1.4 0.4 0 
35 ----- -- ----- ----------- 2.1 - 0.4 1.3 0.3 
36 1.7 0.9 1.2 
0.9-ý' 
37 0.8 0.6 1.3 
0.9 
38 -------- 1.1 0.2 1.6 
o. 7 
39 0.5 03 0.6 
o. 4 
40 1 -- ----- -- 1.6 
0.6 
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B-15 5 'C, Period [Suspended Solid Measurements (mg/1) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A 
42 31/1/92 1.8 1 1 
43 7/2/92 2 1.4 1.4 
44 10/2/92 1.7 1.3 1 
45 12/2/92 2.7 1.7 1 
46 14/2/92 1.5 1 0.7 
47 17/2/92 2.5 0.8 0.7 
48 ------------- 19/2/92 5.5 1.2 ------------ 0.9 
49 21/2/92 6.2 1.2 0.9 
50 24/2/92 10 0 
51 ------------ 26/2/92 1.4 0.3 
------------ 
0 
r 52-1 28/2/92 1.1 0.3 0 
39 1 
B-15 5 "C Period [Suspended Solid Measurements (mg/1) (Continued)] 
E FG H 
41 Filtrate B 10 Filtrate B Filtrate C10 Filtrate C 
42 1.5 0.5 1.1 0.9 
43 1.7 1.4 1.3 
44 0.9 0.9 0.9 0.9 
45 1.1 0.5 1.7 0 
46 1.2 0.7 0.5 
.... . ............................ 
0.6 
47 1 0.8 1.4 0.5 
48 ----- - ---- ---- - ------ 1.8 ------------ 1.1 0.4 
-- ---------------- ----- 
0.5 
----- - _ 49 1.5 1 1.8 1.5 
50 0.1 ---------- 0 ......... 0 
51 0.9 0.. 55 0.5 
52 0.3 0 0.5 0.5= 
392 
B- 16 5 'C Period [Turbidity Measurements (mg/1)] 
A Bc D 
1 Date Influent Filtrate A10 Filtrate A 
2 2/10/91 6.7 1.2 0.34 
3 4/10/91 
- --------- ------------ 
ý8ýýýOý. ý3 ý5 0.2 
4 7/10/91 2.6 0.48 0.21 
5 9/10/91 1.6 0.32 0.28 
6 11/10/91 2.7 0.4 0.22 
7 14/10/91 ............... 3.1 0.3 
------------ 
0.2ý4 
8 16/10/91 ------- -- ------------------ 2 0.32 ----- 0.2 ------- 
9 18/10/91 2.6 0.34 0.23 
10 23/10/91 --....................... 2.5 0.4 ------- 0.2 
11 25/10/91 2.2 0.33 0.19 ------- 
12 1/11/91 3.7 0.89 0.2ý- 
13 5/11/91 6 1.6 0.3 
14 8/11/91 7.2 0.7 0.31 
15 11/11/91 2.5 0.36 0.26 
- 16 ---------------- 15/11/91 2.1 0.45 0.22 
17 18/11/91 1.5 0.3 0.3 
is 20/11/91 35 3 0.23 
19 ----------- 22/11/91 6.5 1.4 0.22 
20 25/11/91 -------------- ------ ------------------ -- 5.2 1.5 0.57 
21 27/11/91 6.5 1 0.26 
22 9/12/91 2.5 0.31 0.2 
23 11/12/91 3.5 0.26 0.18 
24 17/12/91 2 0.8 0.22 
25 18/12/91 11 4 0.23 
26 20/12/91 17 4 0.34 
27 23/12/91 12 6 0.44 
28 27/12/91 1 0.9 
- ------ 
0.3 
29 _ --------- 29/12/91 2 0.75 -------------- 0.16 
30 30/12/91 1.5 0.7 0.25 
- 3 IL 1/1/92 --------------- ... .............. 1.5 0.54 0.19 
32 ---- 6/1/92 ------------------- ---- 1.5 0.44 0.18 
33 8/1/92 1.5 0.62 0.19 
34 10/1/92 _ 2.2 0.65 0.33 
35 15/1/92 ------- --- 2.5 1.3 0.51 
36 17/1/92 3 0.36 
37 ------------- 20/1/92 21.......... 0.75 0.32 
38 22/1/92 ---- ----------- 2.3 -- - ------------- -------------- 0.68 0.2 
39 24/1/92 1 ... ... 0.45 0.2 
40 29/1/92 4.4 
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B-16 5 'C, Period [Turbidity Measurements (mg/1) (Continued)] 
E F G H 
1 Filtrate B 10 Filtrate B Filtrate C10 Filtrate C 
2 1.9 0.36 
------------------- - 
1.1 0.33 
3 0.48 0.22 0.35 0.25 
4 0.35 0.18 0.42 
- 
0.22 ---------- 
5 0.59 - ------- 0.27 - 0.36 0.26 ------ 
6 0.45 0.17 
7 0.66 ----------- 0.21 - 0.26 0.25 
8 0.4 0.29 0.28 0.25 
9 0.35 0.19 0.5 0.27 
10 1 0.26 0.4 0.32 
11 0.95 0.18 0.37 0.2 
12 1.2 0.42 0.49 ___ 0.34 
13 1.8 0.43 0.85 0.3 
14 2 ---------- 0.31 -- ---------- 0.58 0.23 ---- 
15 0.8 0.24 0.37 0.27 
16 ------------- 0.82 0.32 0.41 0.2 
17 0.47 0.28 ---------------- 0.32 -- ----- 0.18 
18 5 0.35 2 0.25 
19 ---------------- 2 0.32 0.7 0.29 
20 2 0.66 1.1 0.38 
21 2 0.32 1.3 0.24 
22 o. 5 0.22 1.2 0.21 
23 0.8 0.2 2 0.26 
24 0.5 0.18 1 0: 18 
25 1.3 0.18 ------------------ 4.5 .............. 0.27 
26 7 ------ 0.39 -- --------- -- 9 0.9 
27 8 0.6 8.2 0.9 
28 1 ------------------------ 0.35 --------------- 1 0.38 
29 1 0.24 1.1 0.23 
30 0.88 0.2 0.9 0.24 
31 0.65 0.75 0.22 
32 _, o. 5 0.2 --- -- 0.53 0.25 
33 0.95 0.27 0.74 0.25 
34 0.6 0.31 0.67 0.25 
35 1.8 3 8 0. 1.2 0.41 
36 1.5 - - ----- 0.25 0.88 0.25 
37- 1 .............. ... ......... 0.23 1.1 0.2 
38 0.79 0.22 :: 0.94 0.3 
39 0.37 0.24 __ 0.44 0.21 
40 0.87 0.26 1 
394- 
B-16 5 OC Period [Turbidity Measurements (mg/1) (Continued)] 
A Bc D 
41 Date Influent Filtrate A10 Filtrate A 
42 31/1/92 2 0.8 
---------------- 
0.25 
43 7/2/92 2 0.68 0.2 
44 10/2/92 1.5 0.46 ........... 0.21 
45 12/2/92 2.5 0.76 0.18 
46 14/2/92 2.5 1 0.35 
47 17/2/92 2 0.7 0.22 
48 19/2/92 5.2 1.7 0.3 
49 21/2/92 1.5 0.64 0.26 
50 24/2/92 1.5 0.56 0.16 
51 26/2/92 1.5 0.48 0.18 
52 _ 28/2/92 1.5 0.49 0.19 
395 
B-16 5 *C Period [Turbidity Measurements (mg/1) (Continued)] 
E FG H 
41 FUtrate B10 FUtrate B FUtrate C10 FUtrate C 
42 0.85 0.25 0.4 0.2 
43 0.7 0.27 0.74 0.21 
44 0.7 0.25 0.49 0.24 
45 1.4 0.28 1.5 O. H-- 
46 1.4 0.25 1.5 0.24 
47 1.1 ------------- ---- 0.25 1.2 ------------ I ...... 0.26 
48 ------ ------------ 2.1 ----------------- 0.47 2.7 ----- 0.37 
49 1 0.35 1.1 0.37 
- 50 ------------------- 0.76 ...... --- 0.19 0.87 ----- --------------------- 0.2 
51 0.6 0.2 0.64 0.24 
52 0.65 0.14 0.74 0.17 
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